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Preface 


This publication is a compilation of papers presented at the First Annual Space 
Station Evolution Symposium: Beyond the Baseline on February 6-8, 1990. The 
symposium focused on the presentation of results by the personnel responsible for 
advanced system studies and advanced development tasks within the Space Station 
t Freedom Program. The symposium provided an opportunity for dialogue between 

the users, designers, and advanced planners for Station regarding thelong-term 
utilization of Space Station Freedom. 

The papers describe efforts included within the Level I Transition Definition 
• Program to define and incorporate baseline design accommodations which satisfy 

the requirements associated with potential evolutionary paths, and to develop 
advanced technology which will enhance Space Station capabilities and enable its 
evolution. The papers describe work accomplished during fiscal year 1989 and were 
presented by those in Government, industry, and academia who performed the 
tasks. 

This publication consists of two volumes. Volume 1 contains the results of the 
advanced system studies with the emphasis on reference evolution configurations, 
system design requirements and accommodations, and long-range technology 
projections. Volume 2 reports on advanced development tasks within the Transition 
Definition Program. Products of these tasks include: engineering fidelity demon- 
strations and evaluations on Station development testbeds and Shuttle-based flight 
v experiments; detailed requirements and performance specifications which address 
^ advanced technology implementation issues; and mature applications and the tools 
^ required for the development, implementation, and support of advanced 
J technology within the Space Station Freedom Program. 


A Dr. Earle K. Huckins III 

Director, Space Station Freedom Engineering 
Office of Space Flight 
NASA Headquarters 
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cleanup of worksites, or space station or STV external hardware contaminated as a result of a spill. 

This contingency should be investigated further to address if natural sublimation of spill fluids is adequate 
to support transportation node operations or if methods of enhanced sublimation are required to cleanup 
worksite spills. 


HANDLING OF EVA CREW OPERATIONS DATA 


.S> K g.§ 

w 2 *- 

0 -2 • ® 

g « (0 o 

Q> 0 > $• C 

8i£f 8 

5 8511 

Sll?S 

1 > o * iS 

*fe'l §3 

TJ f W t 

gc ® » O 
ctoEca 
® c B </> §■ 
E.S §•§ 2 

s 5 s S s 

2 »o b -2 

O 0 ^ {/) o 
< O - ®< 

> Si 8 > 

LU w $ (0 LU 
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EVA system built to Phase C/D requirements best approach for 
meeting demand with LEO operational constraints 

• New SSF EMU - no prebreathe, low IV overhead, low volume 

regenerate 

• Two airlocks with automated service and performance checkout 
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ESTIMATE OF ANNUAL EVA DEMAND 
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FIGURE 6: AMOUNT OF REQUIRED EVA 
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RADIATION PROTECTION OF ASTRONAUT IN SSF EMU 
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3) Space Station Freedom (no polar or GEO platform) location factors which match source calculations: 
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ENVIRONMENT 

Ability of SSF EMU to meet anticipated radiation and thermal 
environments was assessed 
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SAA = SOUTH ATLANTIC ANOMALY 



WEEK SHIFT 1 (12 HOURS) SHIFT 2 (12 HOURS) 



FIGURE 8 : SOUTH ATLANTIC ANOMALY V.S. SS EVA SCHEDULING 














FIGURE 1 1 : SAFE OPERATION IN SHADOW ZONE 



EMU THERMAL PERFORMANCE 
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The summed heat leaks for each environment location was compared to the baseline EMU design estimate 
of 941 BTU/hr. Heat leaks greater than 941 BTU/hr indicated that the baseline EMU would support a full 
duration EVA at that location. Heat leaks significantly less (< 850 BTU/hr) indicate that the ability to support 
a full duration EVA at that location would be compromised unless supplemental cooling was provided. 
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ENVIRONMENT (continued) 

EMU thermal performance assessed against environments 
analogous to evolution SSF EVA sites 
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EVA BIOLOGICAL QUARANTINE ISSUES 
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Both manned and unmanned Mars missions and other planetary probes may require concern with biological 
cleanliness and sterilization of hardware. Sublimator water vapor and other vented gases must be demonstrated to be 
sterile. Venting EMU designs using sublimators or hollow fiber membranes pose the problem of releasing unacceptable 
biological loads. All unmanned planetary probes assembled at the Space Station will have to conform to the current 
Planetary Protection Policy. 



- Mars Rover/Sample Return (MR/SR) Quarantine 
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BIOLOGICAL QUARANTINE 
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At last look, the decontamination station was bolted to the outside of the airlock, thereby 
making it relocatable but not necessarily portable. It could accommodate two crewmembers at 
once, operating simultaneously. The unit includes IR lamps that heat an area which increase 
sublimation rates of the contaminants, two portable contamination detectors, and PFRs for two 
crewmembers. Testing showed that exposure to one solar constant increased evaporation 5-10 
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CONTAMINATION DETECTION AND REMOVAL 

Compatability of EMU materials with known SSF hazardous 
contaminants was assessed 
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and other external equipment may be necessary if operations 
time is critical 
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power and data interfaces would satisfy rapid data access and update needs. Power/data interfaces may not 
be available or practical at all worksite locations. Downloading task specific information into a memory chip 
in each EMU prior to EVA eliminates the dependence on space-to-space or exterior data links but also 
eliminates real-time updates. It is estimated that the equivalent of 50 cuff checklist pages consisting of 
60% text and 40% graphics can be stored on one 286 Kbyte chip with a power penalty of 0.4 watts. 
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RESULTS (CONTINUED) 

■ U.S.A. EVA experience indicates that flexibility to easily update EVA 
operations data is highly desirable 

• 60% of recent EVA experience (Skylab, Shuttle) were to fix 
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Equivalent of 50 pgs. of cuff checklist (60% text, 40% 
graphics) can be stored on one 286 K byte chip 
Power penalty of .4 watt for data storage 
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21 . Characteristics of Liquid Hydrazine... Sprayed Into a Space-Like Vacuum, NASA White Sands Test Facility Test Report TR-355-002, 
July 2, 1986 

22. On-Orbit Assembly / Servicing Task Definition Study, GFY 89 Summary Report, Ken Sory, MDSSC-KSC, November 1989 


DATA MANAGEMENT SYSTEM (DMS) 
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Freedom operations and user requirements . 
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Evaluate/ Analyze DMS Evolutionary Baseline Capability 
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defined and recommended to pertinent personnel and organizations (i.e., DMS 
System Integration and Development Managers, JSC Project Office, WP-2 
Contractor, etc.). 
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the WP-2 Contractor for consideration and/or integratbn into their technology analysis process. 
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Standard, Documented, Non-proprietary Interfaces 
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4 MIPS processor Support advanced Al processor with direct card 

w/ 4 MByte memory appls. up to 32 MBytes replacement; empty slots in 

ORU for added memory capacity 
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(JSC 31000) 



Voice activation in Multipurpose Application Console 
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Assessment of Applicable "Lessons Learned" 

• LaRC/Harris "DMS Technology Transparency" Study 
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Transparency*, contains an applicable knowledge base for the Space Station DMS design. 
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These reported are to be completed by April 1990. 
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Study/Investigate DMS Accommodation 
Capabilities of New Initiative Missions 
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Increased Capability in the Heat Acquisition, Transport, and Rejection Subsystems 
More Automonous Monitoring and Controls 
Essential Analytical Tools Must Be Developed 







The presentation begins with a review of the TCS requirements for growth. The principal hooks and scars are 


E 

o 

.c 

H 

• 

E 

a> 

<o 

>* 

co 

n 

3 

j= 

o 

CO 

0) 


<n 

o . 
3 -o 
<n 0) 

i2 c 
_ o 
c co 

O) 0) 

‘55 a. 

CO 

1 » 

■ o 

mm 

£ 10 

1 1 

2 c 
o> o 
° 

o v 


in 

c = 
o as 
</> .E 

a. as 

a> -o 
£ 0) 
«- co 

>•3 

■O o 

•O 

0) "O 
$ 0) 
5 5 

O 0) 

- § 

■£ « 

.2 w 

2 >. 

C O) 

0 ) o 
2 o 
cl 

0) o 

£= CD 



9 Lockheed SPACE STATION EVOLUTION nasa/jsc • crew and thermal > 

Engineering & Sciences Company BY: ericolsson I date: feb/90 



CONCLUSIONS 





TCS REQUIREMENTS FOR GROWTH 
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PRINCIPAL HOOKS AND SCARS 
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EXPANSION OFTCS MONITORING & CONTROLS SUBSYSTEM (SHARED SPD AND MDM'S) 








CTCS FLOW SCHEMATIC AND SUBSYSTEMS 


* 


S3< 


? 5 

Si 

o o 

‘5T o 
*- x: 
co ~ 

xx c 

<D W 

a> ll 

£ o 

> in 

> co 
<o w 

o O 

£ w 

C 05 
O C 
O 's 

© 2 

E 8. 

© O 
£ © 
o § 

« cf 
2 co 
-C o 
0) ~ 
£ S 

co tn 

t g- 

o 2 

a.O 
co * 
C CO , 

2 c < 
£ o : 

T3 £ < 

s i' 

w Z 

0) c . 
£© 

3 £ 

O C . 

© 5 

co £ 

<D w 

-C >* 

i 1 : 

H § 

CO *- 

<d tr 1 

JC O 
CO CO 

a <o 
2*55: 

s I 

Sr 

« s; 
s &! 

h* OT < 


. TJ 
"D © 

Q> W 

if 

fi 

£ O 

a * 
o r: 
o o 

I 1 .. 

CO $ w 
*r ^ -o 
© (0 
O-fNJ o 

E w — 
© ® co 

* s i 

o a® 

CO ^ ~ 
O O CO 

£ c c 

?5® 

3 O i 
05.© o 
^ o *- 
c ^ > 

O 2 m 

a> c> w 


8 


2 -O 


CO 
~ © 
aTE 


5.$ 

E •* 

5 in 

>*<— 

3 S 


o 

0) 


Q) CO #/T XI co 

0310 J; 
co iD o co ft 

O >» C O hi 

*x 5 © -S 

• £ © 1 -co = 

- © o 8 O 

O 2 ° 
2 <D w -D 


CO 


© 



«. o 


a o 


a) co := ® ^ 
c co . x g 

a. o 2 © i- 
"3 o & ^ 

cr q. > c w 

© it « ^ © 

— C“ ® 3 T3 

° ®£ © o 

w -c <o ^ C 
2 — 0>i; "O 

Q. c 3 O- C 
>* Q> o CL CO 

Z 5 £ 2 © 

c ^£ w © 
£ C TJ " 3 

« o © £ 3 
5= = C o> o 
ro o = E 
0.0 
hr b <d 


£ o 


CO 


C CO 


w — 

£ o 


— **• w 
8£# 
(0 £ -g 

a. 2 


c 3 
m O 


© 

© 

3k 

0) 


■O 2 


“I s 

gE.2 

“ g © - 

J | 2 
> c CO 
” ra CL 

w> l_ 

D. £ c 
0—0 
2 © 2 
© c © 

2«| 

5 -g £ 

gnc 
So o 

gBo 
2 ®£ 


O 

2 Q- 
© ~ 
> 

© 

CO 


CO 


_ £ x= 

2 s 

^ ^ O) *^T 
© ** C o 

c © w © 

© . OT © 

Isl 


CO _ 

a o 
_ co >- a 

CO Um 5" 

© JC © © © 

f g-o 

© ® fl5 i © 

ZZ *■ k. Q. 

8 £2 © 5 
-22£ 


5 £ 3 33 

© © 2 " © -c 

>*£ ©3®- 

tT3 3 


C 


© © — 
£ 7S P 


2 o£ 
a © c ^ c 

S - w © © ° 

£o - c -o 

< £ * © 


<3 © 
o -o 
© 


£ © X 


%2 

© 5- 


© H 


3 S 
S © 3 
© *- 2 
§•2 I 
- . °2 © 

|lfi« 
i 3 s = >? 

3 £ m ^ < 
ITffl « 2 t 

8 © c c * 
® CD £ CD 
5“ ® 3£ 

© «? c © H 

= P £ d 
O tog 

O o c < 
0)2 co x 


O) 


CO 


•; co 5 


Q) 


2 «) Q 


o 


CO 


5 ^ — . 
* 5 : X3 -r co 
£ j- E o 

CO ^ X) > 


CO 


h* *— __ 

CO co CO 
CL LU Q- 


c 

o 

a 

co 

c 

CO 


CO 

a> 

x; 


X " r *= (0 O 

3 w Jr ^ •— 

fl) w A ^ 


= I 


CO 

• MB 

3 

O' 

o 

CO 

m* 

CO 

0> 

n 

So 

o %- 

2 «3 

co i= 

is 

© O 

go 

H 8 
O c 

o£ 
co .£ 

E-o 

8 8 

2 co 

ll 

CO ^ 
CD m 

3 S 
CO CO 

J 2 c 

ll 

CO .0) 

o £ 

•O CO 

£ a> 

co x: 

o 
c 

CO 


O) c 



CC UJ 
UJ H 
2 ^ 
h- Q 


5 2 

uj O 

CL ^ 
O ^ 

00 O 

< UJ 
CO 

< > 
2 ffi 


tu j® £ </> 2 


is 

h- I 


O o 

< o 


X o 
z o 
q v> 
§ £ 
co « 

x a 

Z T 3 


LU k- u) £ rr 

S| ggt 

tslSs 

^ <0030 
UJ CC o </> x 
X • • • • 





M Cfl W § 

f o o c 
h- c > c 
C/) j co o 

q 5?5 

> a O Q 

k— <0 «- 

— , c « O 

d 2 03 

h I- - O 


</) , n 

H > g 

-j § «5 

-J _ = 


c E o o 
0 3 0 = 0 
oa<iiz 


CONTROL VALVE T T T T T T 

SUBCOOLER 



HEAT ACQUISITION GROWTH 


t: 


oB 

H- 0) 

T3 a 

c E 

c ° 

I ° 

a 

If 

■5- CO 

<0 <0 
.c as 


§ 1° 
Is* 

0 3® 
aoi 

CO 7 . *" 

r C 
Jr CO o 

2 Q.® 
H — . © 

© g£ 

o X }2 
— u> 


ffl TJ A m w © 
(Q r O © ^ r 


®“2 

= r z © ® 


E £ 
£ <0 
; s> 

5 2> 
® £ 
* -c 
o S 
® 2. 
E ® 

3 -E 

c «_ 
® 0 
£ © 

si 


0) 


O) 


£ c 

5 ? 

£ Q. 

is g 

a) £ 


u r co 

S s » 

r- c “ 

*|s 
2 is 

2 3 E 

® O’ o 

a. £ * 

E 

o 


® 


£ t >»o 

A ™“ U 


CO 


E* 

o £ 

>* c 
if) 5 

li 

| E 

o ® 
® C 

CO — 

5S 

® w 
£ ® 
*- x: 


_ CO 
_ £ ® 

0 5 8? 

_ _ £ c 
■2 o>o _ 

1 g» Z » 

® CO 

as <0 •— o 

« * s 8- 

ss©§ 

E o2H 
P»Q? 
® < 5 

2 l w 

o^*o 

a. a> ^ 

i^ b 


I* 
£ 2 
(J O) 


c £ ® co 
o 7* o o 
5 S £ o 1- 

2 £ 0 TJ 

3 *§ 
O) • d) w 

sp a> > o 
C -O = -g 
o o o 
a 


a *o 

is 

rr p 

2 1 

if 

O *- 
<D >; 

St 

~ 3 
-2 w 
9 - a 

<D X 
O C 


<0 

£ 


O 

V) 


g *5 „r 0 © r 
h is g 


5 07= 


a> 

£ 


%p 


. <B 3 

•D £ CO 
~ CO 

2. o © 

CT*- *r 


£ | £ £ 
3 5 *- ° 
8 w© a 


® 


S © 


^ in ^ IS 3 ** 


• ^ - - O) 

r 75 *- te r- c 


w p- w w 1- 

T- = «■* — 

__ 0> 

c 2 a) 
co £ Q_ 

a> _ £ 

1 ® O 

o i o 

oSs 

* 3 I 

rr ® 

“ © © 

© 5 © 

£ 5 « 


>» ® 
^ a> 
co ^ 
co 3 
<n <0 
o if) 
o a> 

2* 
© © 


©£ 


o 

c 

as 

>* 

JO 

•o 

0) 


a> 

O) 

c 

as 

£ 

O 

X 

0) 

4 — 

as 

a> 


2 i2 ^ “ w j 

«-2®g8 

3 3 © 4= £ 0 

rn ft ‘-•'ox 


3 

A 


Q 

< 


o 
© 

7 a 
X © *, 


>: 5 

S ® 


o 

as 

a 

as 

o 

“co 

E 


c 

3 

+* 

0) 

1m 

a 

CL 

3 

tf> 

as 

£ 

O) 


E -£ c 
3-0-5 

a> o 
*- a o 

>gS 

= 2-2 
as ^ 3 

2-8-° 

o-^a> 

5 §5 
5 gxs 


gg 

3 X 3 
£* if) *> £ 
a« fl, y 

5.2 


9-2 i: o 


(0 


w 5 


£ o 

At ^ 


Q 
< 
Z 

W S ffl 

rti ■o « 

a> 


= c -p 
0.0) 

<0 "D 
O C 
^ 0) 

D> g- 

1 * 

■o £ 

” c 

o O 


(0 

0) 

(0 

if) 

CO 

Ql 


3 ^ if) 


i2 c O 9 if) 


C ^ £ 

‘ 3 i 

S I 

O Q 
£< 

O . 
a ^ 

O.X 

E o 


c 

o 

Cft 

T3 

C 

0) 

a. 

a> 

-o 


CL X 
o c o 

O if) 
O'- Sj 

= 2 E 

§ 2 t 3 

w © a 

® © © 
® £ c 

W S 

> c 
o £ fc 

0^2- 
if) W © 

® -o £ 

© c c 
® « •= 

8 ®.«2 

o c 


§j£5 

* c « S 
® c o 
t » = o 
H £ >A 

© © g-iS 

3 £ 3 " £ 

8 g © 1 

?ff i 

o © ~ 2i 

S-« c a 
>£•->* 

J 5»B1 

£32 = 


<n 


© £ < £ 

*Si: 
■° © 

2 8 r .5 

(fl “ ij 

Q. Cl © co 


° O 


© © 
a c 


a. n 


a o ^ © 

a «■ tr — 


A £t 


© 

£ o 

*0 © 
o 

CO *5 
2 = 
IS 

M 

O £ 
»- O 


(0 

CL 

E 

3 

CL 

a> 

£ 


o t j- ♦- 


co 

0) 

£ 

3 

♦* 

w 

O 

a 

as 

> 


o 

< 

X 

£ 

o 

as 

a> 


o ± o 
clZ 3 

m o. © 
x: © © 
H > 

a> | E 

2 c | 

w « c 

© 3 E 
X o 6 
o o © 

8 £|£ 

A ® 

3 3 6 

W « fc. 

(B g 2 

| a 5 

2 q 5 . 

«< E 

5 £ = £ 


= 

o > E - £ 5 

£ 0=03 

CO £ 0) E O 

<0 ~ i; o >- 


o £ 


o> 

CO 

0 

xs 


,-z o a> 

^ 2=c 
* ® ®o 5 

l&a* 

■o ®“ o> © Zl 

o .2 2 £ © 

<tSw8 

X O o — ' o 


© > 


-o 


c CO 


■o 

o 

hm 

3 

O" 

0) 


2 E o> 
2 2 = 
®. £ © 
E a 2 

III- 


© ti 'S ® o> 

> ^ w • « r 
£© 81 ? 
i i i 

8 2 © 

0-0.5 

® 5 « 
2 ® 
9 - © 


£ © 

2 © 

5 g © 
5 c 


-o 


o 

o 


pjfl* 

£ I S 

3 © 1 

III 

o CO 
>t o <D 

= o o 

.55 © ■*- 

c © ® 
c £ o 

CO 4 ^ 

£ C co 

♦- as 0 

o £ o 
3 a> £ 
co Jr 
<030 

2 CT — 
Jr O O 
Q-w u. 

> c 
Q. s o 
S— O 

3 > 

WJ 5 

i«: 

iif 

© 

*- "O c 

= © 2 

.5? W 3 
x: = a 

« o>"£ 

© c © 
© ££ 
CL © £ 

li i 

® 3 £ 

8 w x 

ft w .= 

5 o © 
> — .© 

2 ® s 
o>£ ® 

© 7 2 
= x o 

- 0 5 

o) a- g 

C 3- il 

IS| 

^ 2 i 

N ^ O 

£ © j£ 
o © 

> © . 
o O c 
- © o 

g- c © 
Ewe 

3 — © 

at; o- 
3 x 

< S3 © 


must be adjusted individually as the system changes. Each adjustment depends, in part, on the particular HAD 
location and design heat load, and must also satisfy the pressure limits stated above. For growth, the orifices 
should be variable sizing and adjustable from remote locations by the TCS control system. Instrumentation will 
also be required at each HAD to measure flow rate and line pressures to assist in making the adjustments. 
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R & D MODULE CTCS FLUID DISTRIBUTION 
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UTILITY DISTRIBUTION GROWTH 
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PRESERVE WITH GROWTH. CTCS UTILITY PORTS WILL BE REQUIRED IF ACTIVE COOLING 
IS REQUIRED IN THE FUTURE 

THERMAL REQUIREMENTS FOR DUAL KEEL ARE NEEDED FOR TCS GROWTH PLANNING 







TCS PALLET GROWTH 
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TCS FLUID CONNECTIONS REQUIRED IN EACH LOOP FOR ADDED ROTARY FLUID 
COUPLERS 







HEAT REJECTION GROWTH 
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SUBCOOLING SYSTEM 


Radiator Panels 8 16 16 

Subcooling Modules 4 4 4 

SWEEP RADIUS (FT) «» 26 46 29 

TOTAL WEIGHT (LBM) 12075 39835 26400 
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HEAT REJECTION (CON'T) 
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TCS MONITORING AND CONTROL HIERARCHY 
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MONITORING AND CONTROL GROWTH 
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HARDWARE COMPONENTS 





TECHNOLOGY GROWTH 


</> 2 

0) 

3 C 

ii 

E 0> 

Q. 

O 

V) £ 
T3 <n 
C — 

® c 
© 
c c 
4) O 
c a 
o c 

8 - i 

= u 


O 
O . 
- VI 

IS 

if 

“O c 

CO £ 

o a 
co o 
• • 

si 
% « 
^ cn 

°1 

g£ 

2 g 

co c 

« «r 
2L? 

<n E 

2 r 

.E ? 
_ *> 
^ JC 

o J= 

N *1 

g ? 

CO 

O) 2 

k» m 

o 2 

o 40 

n o 


■O © TJ 
one 
v> ** co 
<0 „ 

£ co o 

| « = 

,E «) « 

C (0 V) 

<0 n 0 ) 

O D1 

vt e 

© *S O 

3«I 
ifl £ o 
</> _ 

0) 0) 

0) — > 

.E « ® 

.2-3 E 
o 0> © 
. 2.2 % 

•o _ >» 

c E « 

•E ® ® 

0 ) <2. © 

8 5ff 

s*!- 

■o (8 S 

"« 5 

OgM 

rog 

Sg-S 

2 I >* 

0> ° ® 

CO c — 

0) O) 

;i« 

® “E c 

O) x 
i- .Q 7 : 
m w 

E C ^ 

5 ~ 

<D .2 a> 

TJ O 3 

3 .E (5 

g W = 

^ >* 0) 

o.^E 

© © 


0> 


h- co -g iS 


A* k ~ 
2 ® 

fe o 
0» 

® Cfl 

3 o> 
Vi S 
.2 W 

g’o 

o E 
c o 
x: T3 
o « 
o o 
H < 


& 

a) a> ^ 

•H Q W 

c _ 


2 2 1 =>" 1 is 

m u rr r 


m Z fr ^ 

|8.oy 

P x 


© 


r « u 
© ® O 

sz « 

- « C > 
3 O C ® 

TJ*; O c 
~ a Q.~ 

m P > 



2 E . ® 5. w 2®£5« 

^ O O _ mOW m t- 


c © a a 


.2 £ c >* ®5r v o> = 

£ §-8 £ S<5£ ° = 



5 2 
uj O 
cc w 
O *2 


5 ^ 

< UJ 

C /3 . . 

< > 


■C-S 

«** 

O <u 

31 

L Uj 


LL 

111 CO 
(f) rJ 
<0 
IO 
CL H 


O 

H 

<co 

IOC 
t CQ 
>111 


2 2 ^ 
o po 


> s 

< s 

DC CO 
OQ 
O Z 

oc< 

9z 

20 

LL CO 
O LU 

o° 

zO 

at 

2 5 

?< 
CO 5 

cc < 

111 Q 
Q HI 

15 

-JO 

<o 

t CO 

Zco 

UJ < 

lx 

z> 

=>> 

“-5 


°§ 
O < 
t“Z 
uj O 

=> j= 
° < 

S 5 

P 

So 

< N 

25 
(3 O 

H 

§< 

OQC 


H m 

Q.Z 

oo 

ot- 

ia 

cc S 

UJ LU 

£o 


UJ >• 

tbX 


< • 


. *“ 
f— I 

Z 2 
LU uj 

2 £ 

LU CO 

8 g 

3 « 

Q_ o' 

rri 10 

LU cd 
CC w 

n < 

ZL UJ 
CC CC 

0 < 

cc 

1 o 

co 5s 

LU |d 
=> <Z 

CO QC< 

co u_°: 

— o£ 
— J LU 2 
LU <o 5 
> <§ 
LU £2 
1 cc < 
-J O oc 

H Zx 

z S3 

UJ N ll 
g SH 

0 5 < 

n #U 1 

1 EI 

8 • 


m cc 

-J LU 

< o 
s Z 
cc < 

UJ I 

1 o 

h* X 

z JU 

UJ h- 
Ul < 

> UJ 

H X 

Ul co 
CQ X 

UJ 2 
O O 

2 2 

< I 

H LL 
= 2 
§ i 

O d 

O CQ 

I— ^ 

O & 

H O 
Z X 
O 3 
O -J 

cc It 

LU b 

1 = 3 

UJ X 
CQ LU 
LU CO 

> < 
UJ 111 


m w 
LU uj 


■S < H 
«-•><£ 
LU Q S 
h- < X 


CONDENSERS - INTEGRAL CONCEPTS 

INSTRUMENTATION - TWO-PHASE VOID FRACTION, LEAK DETECTION 
MONITORING AND CONTROLS - EXPERT SYSTEMS 
THERMAL STORAGE (CAPACITANCE) 
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FULLY VERIFIED THEORETICAL MODELS AND DESIGN ALGORITHMS DO NOT EXIST FOR 
MICROGRAVITY TWO-PHASE PROCESSES, RESULTING IN OVERLY CONSERVATIVE 
DESIGN HARDWARE. 

A STRONG EMPHASIS HAS BEEN PLACED ON MODULARITY IN BASELINE REQUIREMENTS 
WHICH PROVIDES A LEVEL OF FLEXIBILITY TO ACCOMMODATE GROWTH. 
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ATTITUDE CONTROL 




ATTITUDE CONTROL AND STABILIZATION (ACS) TEST BED 
(OUT-OF-PLANE MOMENTUM CONTROL LOOP) 
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FIGURE 2. MERC EXAMPLE RESULTS 
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TABLE II. MOMENTUM MANAGEMENT BUDGET 
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TRAFFIC MANAGEMENT 

(REFERENCE - LESC-27244 "TRAFFIC MANAGEMENT 
EVOLUTION REPORT," 9/28/89) 
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TRANSFER VEHICLE: HASS OF 6400 LBS WITH A 300 SECOND SPECIFIC 

IMPULSE AND ONBOARD RELATIVE NAVIGATION 
CAPABILITY OF EITHER RENDEZVOUS RADAR OR 
RELATIVE GPS NAVIGATION 



(roundtrip LVLH relative motion) 
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FIGURE 2. TWO IMPULSE TRANSFER BETWEEN THE SPACE STATION 

AND A TRANSPORTATION NODE 






(roundtrip LVLH relative motion) 
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at both the station and transp. node 

FIGURE 3. MINIMUM TIME TRANSFER BETWEEN THE SPACE STATION 

AND A TRANSPORTATION NODE 




(roundtrip LVLH relative motion) 



FIGURE 4. PASSIVE COLLISION AVOIDANCE TRANSFER BETWEEN THE 
SPACE STATION AND A TRANSPORTATION NODE 










FIGURE 9. STATION OPERATING ALTITUDES 








FOR MAXIMUM ALTITUDE CHANGE 



FIGURE 11. TOTAL REBOOST BURN TIME 
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Processing and distribution of video signals within the Space Station. 
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Examination of the issues for future capability needs allows identification of hooks and 
scars, the most important of which are discussed further in this presentation. 
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Text for WP-2 Evolutionary Growth Plan 


k- 


<0 

o 

Q) 

33 

«•— 


CO 

•k- 

CO 



MB 

+■* 

JC 

CO 

M 

k. 

o 

c 

•w 

w 

a 



a 


E 

3 

"O 

0) 

CO 

c 



co 

CO 

>« 

o 

X) 

1 

CO 


3 


CO 

* 

CO 

c 


c 

c 

T3 

o 

a> 

C 

#<-* 


3 

CO 

c 

o 

o 

CO 

k. 

c 

o 

O) 

I 

3 

E 

o 

0 

1 

c 

n 

0) 

c 

co 

a 

O 

k. 

co 

a 

co 

CL 


a 

CO 


£ co - *2 

w b E .2 
OD o (5 
^ I - C o 
c _ c 
to -D 0) 3 

0 - 3 £ | 
2 E 
r ? a) o 


•»— o> 

g o 
2 v 
o g 

- « 
C CL 

O CO 


>• > 

o o 

§ a 

go 


8* 
UJ o 


• -a a 
£ 0 e 

£ 2 =5 


° S 

? = 
3 c 

> O 

o <g 
l_ to 
q. a> 


w r 
- TO 


3 

o) a> 

i £ 

?i § 

3 .2 o 

I 

■- a> E 
~ n — 

8 = o 

o) 5 E 
| To o 

w to *r 
to 

2 o o 

£ a> a 

2 E 

O o 
CJ 

r £ o 

0.2 3 
Q, CO 

3 0 ) 0 ) 
co jf To 

? ■ ■” 

32 s 

M 

?ll 

xg “ 

o Eg 

to W 

To " £ 

C 2 0) 

to 3 
a. §■ n 

r w tj 
- 2 c 

ii " 

u J “ ■> • 

O) >, C >* 

r a 2 « 
S _ o > 3 
£ *2 - 57 
Si ? 2 

2 5 o o 

£ TJ r — 

H co +* Q. 


° > 
S 

CO 

CO 

33 *- 
CO O 

a 

c 

c o 
(0 

a 2 
c 

£ 0) 

5 E 
o -2 
£- a 
o> £ 


E 

3 0 
C 3 

to o 

_ E 
uj 1: 
5 2 


s g> 

o .E 


C ^2 w 

® -Q < - 
t 0) 

3 ° 

o g 

-- ® S 

a> — c 2 

■cos*- 
co .Sr 

»•- 3 *H 

- 5- o 

8 ?• » 
.3 •— "O C 
> .2 o o 

*- > 45 •— 

« u C ~ 
to 0> 3 -D 
CO O V 

co e a 

C Q) c 

.2 £ to Tj 

*2 C ^ 

5 *- c 

•- o £ © 

= - C 3 
3 CO O 

Eg C 
E i $£ 

° £ «g 

° C O 0 
a, « ~ ® 

o a 
CO e 3 ,E 
a c 

co | r n 

6 ° S E 
T 0 > ££ 

0 C 3 2 

S 2 
w oS J 

5 g si 

W / v r \ 


O) ^ 

.5 a 

to g 

<l) x 
u a> 

o o> 
i- a> x> 
a T3 

0 3 

7= c o 

C0 m 

3 -g C 

C 0 re £ 
0) 0) 
3 C 
C C C 

to — to 
A £ 

0 to O 

1 i = 

1 5 
o E 2 

co a> o 
c > a> 

.2 o 2 
r o > 
■u ^ 
tcco 
co a 
■5 XI 
^ C 
"U _ CO 
^ CO 
C co 
"D o “55 
C c 

w 3 = 
- 3 « 
CO to £ 

0 C 3 
E o Jo 

2 & S 

«3§ 

o> w£ 

S$8 

0 3 3 
0 "■ > 

«5« 

2 «g 

.= c -c 
a> 

2 E © 


»- 3 
O 3 
ll re 


0 0 
o o 
•Z w 
•*- c 
re to 

E t 






r- 


-I 


Q 


ffi 


Q 




< 


o 




z 


O 


< 


z 




< 


z 




UJ 


> 


UJ 




X 


-1 


o 


O 

< 


cT 


LL 


UJ 




X 


o 




z 


UJ 

h* 


o 




> 


ffi 


x 


X 


LU 


H 


(0 


CO 




Q 


LU 




X 

h 


o 



CO 

H- 


X 




o 


CO 


u. 

X 

z 



O 

o 


H 


CO 


X 

o 

S 

X 

> 

o 

CO 

-J 

X 

ft 

s 

X 

< 

LL 

3 

X 

X 

z 

CO 

< 


o 

UJ 

s 

UJ 

Q 

CO 

D 





< 

> 

o 



o 

UJ 

O 

X 

X 

TO 

X 

X 

o 

> 


s 

LU 

I- 

CO 

> 

CO 

ffi 

3 

CO 


UJ 

0 
< 
CL 
CO 

1 

O 

I— 

■ 

UJ 

o 

< 

CL 

CO 





VIDEO RETURN CHANNELS NEED BE SUPPORTED 



Text for WP-2 Evolutionary Growth Plan (Continued) 
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Text for The Evolution Tracking System 
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given scenarios. The only sensor shown in the slide not normally considered in other 
work in this area is Radio Direction Finding (RDF). It is inexpensive, reasonably 
accurate, and requires no special action on the part of the observed party (except that he 
casually emit some communications or radar energy). 
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is much more possible in preparation for grand planetary missions, where many astronauts and free flyers 
may need to be tracked during large spacecraft assembly operations. 
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The processing requirements of this class of algorithms are readily attainable for 
RS-170 video resolution now (at frame rates). Resolution greater than that attainable 
through the NTSC standard (such as HDTV), can be performed at less than frame rates, 
but still fast. Within the evolution time frame, higher resolution capability should also 
be available at frame rates. 
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TDRSS subsystem. High data rate can be transmitted to the desired ground station by 
pointing the appropriate antenna beam toward that station. 



TRACKING AND COMMUNICATIONS DIVISION 


HI 

H 

s > 

HI CO 

0 | 
I ? 

CO < 
Q 

Z LL 

o ° 

DC z 

9 o 

O F= 


y 

C w 
^ (0 
d OC 
CD O 

< £ 
0. < 

< 

O I 

it 

Q cc 

Z 111 
< I 
CD Z 

Q LU 
UJ £ 

2 < 


LU X 

i S 

1 § 

£ o 


C/5 

c/5 a 

a m 

i ■ 

o 

o in 

to to 


DC 

O * 

§: ! * 

3 J - 

O § z 

K < DC 

S => 
X fr— 

o £ 

LL CC 


£ 

O H 

< o 

x a. 
a 

a x 

LU 0) 
05 

< O 
HI fr- 
ee 

o 



PROVIDE FOR INSTALLATION OF A MULTI-BEAM ANTENNA SUBSYSTEM 
INDEPENDENT OF THE SPACE-TO-GROUND TDRSS SUBSYSTEM TO TRANSMIT 
DATA TO SELECTED GROUND STATIONS TO ACHIEVE HIGH VOLUMES 
OF MAXIMUM TRAFFIC EFFICIENCY 
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shall also be provided to integrate a special computer system for voice 
acquisition/recognition, language-to-text, and text-to-language capability. This 
capability is needed to improve command sequences and the modes of operation of the 
C&T system. 


Johnson Space Center - Houston, Texas 
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INTEGRATION OF AUDIO SIGNAL FORMATS INTO INTEGRATED SERVICE DIGITAL NETWORK (ISDN) 


Text for Hooks and Scars (Tracking) 

Part of the philosophy of the SSF evolution tracking system design has been to minimize 
the resultant scarring. To help accomplish this, the sensor node concept was put forth 
(described in more detail below.) Due to the lack of sensor processing capability 
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such as the Station's LAN service. Depending upon the ultimate positioning of the RDF 
receivers, special LAN runs may have to be made to support communications. Depending 
upon the update rate that is forced on the RDF system, a direct RF link between one or 
more of the units may also be necessary. 
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MAY NEED RF LINK BETWEEN UNITS 

DATA OUTPUT COULD USE DMS LAN OR PAYLOAD LAN 

HOOK PRIMARILY TO TRACKING PROCESSOR 


The term Sensor Node Network describes a slightly modified version of the Station video 
network ensuring long term growth of the tracking system through reconfigurability. 
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similar services. The off Station fiducial would support RADAR and RDF calibration, in 
addition to offering a more realistic test and calibration environment for the other 
sensors. 
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One concept for a manned mission to Mars uses an evolutionary version of Space Station Freedom (SSF) as a 
transportation node. The station is modified by the addition of dual keels, an upper and lower boom, additional laboratory and 
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dynamic characteristics of a Lunar transportation node configuration. 


O EVOLUTIONARY CONCEPTS OF SPACE STATION FREEDOM WILL HAVE MORE MASS 
AND BE MORE FLEXIBLE THAN THE ASSEMBLY COMPLETE CONFIGURATION. 
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MERC ADDITIONS TO SPACE STATION FREEDOM 
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MERC WITH MPV 
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Mars Evolution Reference Configuration (MERC) with Mars 

Piloted Vehicle (MPV) 
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Locations of RCS Jets, Sensors, and Center of Mass 
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Structural Model 

Detailed finite element models of the MERC and the MERC with MPV were developed. The MERC finite element model 
is shown in the figure. These models were based on a recent NASA baseline structural model of SSF. The truss members are 
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Rigid Body Properties of Finite Element Models 
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Measured from the center of center bay. ** About the center of mass. 










































The finite element code MSC/NASTRAN, with the Lanczos method of eigenvalue extraction, was used to obtain the 
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UNDAMPED NATURAL FREQUENCY COMPARISON 
OF MERC AND MERC WITH MPV 
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Lowest Frequency Occurrence of Component Modes 
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To reboost the MERC and the MERC with MPV, the RCS composed of four clusters of jets, located on the dual keels, 
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the actual damping which will occur so that computed response levels at the sensor location should be conservative. 



Reboost Assumptions 

The study of a reboost maneuver of a Mars reference configuration is based 
on the following assumptions: 
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REBOOST ANALYSIS 
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the deadband. An iterative design procedure is employed to select control parameters which satisfies the design objectives. 


Block Diagram of Closed Loop Attitude Control During Reboost 




(a) MERC (b) MERC with MPV 



















The resultant RCS firing sequences for the first 1000 seconds of the reboost maneuver of the MERC and the MERC 
with MPV are shown in the figure. To prevent a chattering instability, which could be caused by elastic rotation in the vicinity of 
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Elastic Response at the Solar Dynamic Power System 
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FLEXIBLE COMPONENT OF SUN LINE 
VARIATION AT SOLAR DYNAMIC COLLECTOR 
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DYNAMIC CHARACTERISTIC S OF THE LUNAR TRANSPORTATION NOOF 
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DYNAMIC CHARACTERISTICS OF THE 
LUNAR TRANSPORTATION NODE CONFIGURATION 
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FREQUENCY DISTRIBUTION TYPICAL MODES 




To reboost the Lunar transportation node, a Reaction Control System (RCS) composed of four clusters of jets, 
located on the transverse boom and the lower keels as shown in the figure, fires its jets to accelerate the station in the 
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EXCITATION DURING REBOOST OF LUNAR TRANSPOTATION NODE 
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Structural Response To Reboost 
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No pointing problems at the SD collector or excessive displacement or 
acceleration occurred during reboost. 
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rotation at the solar dynamic system location never exceeded the 0.1 degree pointing requirement and should therefore 
present no control problems. These results are based on the current mass distribution and elastic model representation and 
are highly dependent on the NASA baseline stiffness of the alpha joint used in the structural modeling. This stiffness is subject 
to change as the design of Space Station Freedom matures. 
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(2) A prioritized list of the potential technologies will be developed and a more thorough assessment of the software control ’’hooks 
and hardware ” scars" performed, 

(3) A comparative analysis will be performed against the baseline system, and 

(4) Cost/benefit trade studies will be performed to identify the best candidates to replace the baseline technologies. 
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• A comparative analysis will be performed against the baseline system, and 

• Cost/benefit trade studies will be performed to identify the best candidates to re- 
place the baseline technologies. 
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LUNAR/MARS ACCOMMODATIONS 
Overall Requirements 



Lunar Mission Node 1 (2000) - 146 kW 
Lunar Mission Nodes 2 (2003) - 156 kW 
Lunar/Mars Node (2013) - 191 kW 
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Preliminary Study Performed Under IR&D in October-November 1989 
Timeframe to Assess Issues 
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PRIMARY POWER DISTRIBUTION OPTIONS 
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Hybrid - Same Features as Above 

• Can Scar All SSF Elements for Future Power 

• PV/SD Cross Strap at Main Bus Switch 
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Analyses of the on-board operations will draw on these studies but will 
require data bases of operational on-orbit tasks and an analysis tool(s) 
to assess operational capabilities of any given configuration 


Vehicle Processing Operations Data base (VPOD) 


C « 

to~ £ 

|q« 

IPS 

S- 

3 > 2 
*“ W O 

■ora 

cns 

ro TO -2 

s' S 1 

•O O c 

ill 

2 2 o 

1 & » 

E ° = 
fc O) ra 

£ £ ® 
t (/) u 

2 of 
© CL E 
u .. o 

© o 

£ O) 

E |i 

E > -o 

%B* 

$ H ra 

c TO TO 

o o (5 

‘•g XI *D 
TO n\ 

co > ® 
® Jk 

TO to £ 
Cl c 
CO 5 


^ o 


to 

TO O 

E 7 

<D TO 0> 
i- w c 
*5 o> J1 
0"rC 7 
® H ra 


O TO 

to E 

TO *3 

to cn 

ii 

to to 
TO TO 


TO 


2*- 

o 


_ TO g 

° a 2 

8 w © 
to c 
3 O <D 

s « > 


to 


o 

o 


C CL 


TO 

X> 


TO 

O) 

c 


o 

o 

o 

TO 

X> 


© S’ 

to CC 

3 -O 


S 5 


© 5 
X3 TO 


TO 


C 
TO 
O 

o 

0 

> '§■ 
TO TO 

x: cc 

TO 

- i 

1 8 

ra © 
©* 


• CO 

r\ *!r 


to 

o 


TO 

O) 

TO 

to 

3 


-oi 
B 9- °- 

<D UJ o 


Q. C 

E {B 
o E 
o a. 

g *3 
TO o* 

o w 


T3 TO 

& c 

3 O 
O' to 

2 TO 

^ ^ TO ^ 
2 O)o j 
— TO 


n ^ "o 
° to 2 


c 


js S 

CL “O 


5 O 


TO 

a . 
o to 

© © 
£ E 

0 © 

3 I 

£ 2 

1 « 

YS 

2 2 
O) ® 

® o 
•S c 

TO .2 
*° TO 
£ CO 

"O TO 
TO O 

g a 

c w 
© = 
£ 2 

= 5 

5 o 

M © 
<D C 

|1 
£ TO 

TO TO 
TO T3 


C 

I 


TO 


to 

c 

o 


to *3 


-O 

TO 


c 
o 

TO 

o § 

TO o 
&1 


TO 

a 


TO 

ts 


p — 

TO 
> 


TO 

C 

o 


TO 


C 

_ TO 
TO 

CL 5 
O . 

2.1 

TO 'F 
TO .2 
TO “ 
O 
O 


TO 

*D 


C 

o 

to 

to 


^ /-\ /lx 

TO 
O 


TO 

> 

TO 

XI 

5 

O 


TO 


TO 

TO 

TO 

TO 

JZ 

CL 


TO 

E 

o 

«•— 

c 

TO 

u 

0 

E 

to 

TO 

Eg 

TO TO 

TO S 
TO 2 

1 2 
£ o 

TO E 
TO 

^ TO 

£ E 

i 8 
i& 

TO <o 
Q. TO 

TO g 

."2 J= 

o ^ 

o (X) 

TO 

o £ 


t: 3 


2 K 
52 to 


TO 

^ ° 
•E TO 
X) £ 
TO ~ 
CL Q> 
TO C 
O *3 

ra q 

ra — : 

ra ra 
■ c © 
D -O 

2 ; 

> (1) 

81 

O 

TO 

u. 

CO 

TO 

X> 


E 3 

_ ra 
ra ■© 

o ra 
O 2 

9 2 
> E 
ra © 

XZ i— 
— TO 


C 

TO 


O 

*tz 

TO 

Q. 


M fc. TR ® ra 


ra « 

w ® 

B Q) 

V_ 

|I 

w "O 

o ^ £ 

TO C ^ 

E ® 

TO £3 
to 

to o 
TO 

_ (0 
o c 
~ o 

TO .9- 

3 o 

O’ w 

2 -o 

to to 
c c 

O TO 

TO C 
w. o 

8. § 
o x: 

if 

2 TO 

o> -g 
c £ 

£ £ 

TO C 
*- 0) 

C ^ 

o LU 

TO ^ 

E £ 


TO 

^ XT 

C 

TO 

> o 

^ to 
TO 0) 

a o 

±= TO 
O) TO- 
CO 
3 

o 


O t3 
to 2 

I! 

2 o 
ct g 

Sliia 


c 

TO 

E 0} 

Q. £ 

& E 

^ & 
to t: 

£ a 

==* O 
TO ^ 
c -o 
ii TO 

TO 

| 8 
?UJ 

I 8 

S’ c 
5r ra 

« E 


II 

H >* 

TO 
to 

CO 
TO 

TO 8 

P C 


TO 


§£ 
s « 


S-5 

TO ^ 
8 | 
g % 

S w 

2 ra 


© .ts 


w -t: 

c o 


Y' rr f .w — 
fli r- .== to *t=- 


TO 

E 

CL 


TO 

C 

O 

O 

TO 


O .2 

£ ts 


3 ^ 
^*8 


O' 

LU 


^ C to .2 


o 
2 {E 

JD ^ 
TO 


(O *0 

to c 

E 10 
raE 

£ o. 
~ 2 
3 to 
o > 

X} TO 
TO O 


c 

TO 

E 

TO 

TO 


o 

2 

> 


x> 

o 

c 

o 

TO 

O 

JC 

TO 

> 

TO 

TO 

C 

TO 

CL 


0 
C o 

1 TO 

ra S 

ro *CL 


CO 

3 

O 


TO 
S 

© © 
w s 

< £ 
- CO 

5 ra 
£ 5 
O E 
© 
© w 
£ ra 

00 £ 

"S £ 

"S >< 

© ra 

c Z 


2 TO 

TO > 

XI TO 

o x: 

3 — 

c ° 

0 s 
~o o 
© o 

j*: © 

V— w 

1 ra 

_ to 

ra> c c 

£ <R © 
© £ > 

■° § ® 
©ora 

.9 © o 

X Q k. 

»s 5 


to 


CO 

Ii 

< £ 

to *o 
C TO 
O 5E 


TO 


TO 

to 

TO 

X3 CO 

3 ^ 
■o ra 

O) < 

ii to 

x> x: 


o. w 
O TO 
c <5 

TO c 

>X O 

a to 
X3 

TO E 

to 

3 c 

Q> TO 

■Q E 
= -c 

n « 

> X) 

. - fc— 

TO £ 
£ <*> 


tu == rz 

a to H 
TO 

r- 4/5 
§.! 


C W 

o o 

TO >> 

E ^ 

k. w 

2 TO 

c CO 
— to 

o « 

TO *~ 
to .2 
2 x: 
X> TO 

TO > 
TO 10 

f B 

O ra 
o. ra 
O 1 


■— « 
ra 

| & 
to 

CO TO 

E o 
c c 

r* «3 

£ c 

*i 

n 


3 TO -o 


TO TO 

1 

c £ 

C CL 
> TO 

a to 

c TO 
.2 00 

w o 

2 c 

TO O 

£ g 

^ o5 

o 

5 - 

6 ® 


o 

TO 


O) 

c 

CL 

TO 

TO 

c 

o 

3 

O 

TO 

X 

TO 


TO 

£ 

TO 

TO 

3 

E 

to 

■O 

c 

TO 

to 

c 

o 

2 

TO 

CL 

O 

T3 

TO 

*3 

cr 

TO 

u 

TO 

x: 


TO = 
O TO 

^ ©as 


CD 


"D 

TO 

to 

3 


TO 

-C 


£ o TO 


TO 
0) O 

^5 


c ^ 


O) 

c 


to 


3 

T3 

TO 


tr -c 

— o o 

— £ to 


Q O 

Si 

TO J3 
x: 3 

H E 

if) 

a 

c 

TO 


TO 

TO 

O 


c 

TO 


to 
>* 

c O 
TO tO 

TO g 

7 TO 

8 2- 
^ o 


c 

i 

o 


x> 

c 

TO 

c . 

0 to 
to c 

CO O 

1 i 

O) .hr 
“ 3 

_ S 
^ g 

w ^ 

CL o 
10 g 

TO 

O) cc 

5 ° 

TO * 4 = 

to S 
t CO 
o „ 

Q. co 

2 c 

TO 


C 

o 

TO 


E 

2 

3 

O' 

TO 


3 
to LU 


TO 

TO 


CO 

O 


*o 

fc 

E to 

0 3 

Is 

H 

TO o 
£ to 
^ TO 

1 © 

85 


® ©‘ 

© E 
01 F 

2 5 
■o 2 
a> o 

CO V - / 

3 X3 

TO £ 

X2 TO 

c E 

sg . 

a .. S 
to to E 

>s TO £ 
? x: O) 

in 

ii § 

£ ^ Q- 

gH 

> i £ 

TO TO 
W £ 


to 

TO 

a 

o 

3 

CO 

JO 

o 

o 

TO 

c 

£ 

X 

TO 

k. 

TO 

XZ 


>N 

Xi 

T3 

TO 

to 

3 

TO 

X^ 


TO 

O 

TO CO 

r- u 

& O 
.. to 
<2 to 
TO Q) 

y= o 
TO S 
TO Q * 

■o -o 

TO O 
TO 5 

TO T> 
C C 
TO TO 
O) . 

*8 
•o *5 

TO k — 
to TO 
3 C 
TO 
O) 


5 


_ to 
o o 

JO £ 

to a 

c 2 
to cn 
o . 

q £ 
n ® 

g E 

> CO 

x> 

TO 

TO 

u- 

CL 

CO 




0 

sz 


a 

o 

a. 

> 

<D 

W 

<0 

X* 

CO 

4-* 

CO 

O 

(/> 

c 

o 

*3 

CO 

i- 

CD 

a 

O 

O) 

c 

(A 

(A 

CD 

a 

o 


O 

o 

2 

CD 

> 


C 
CD 

E 

Q. 

*5 

(A o* 

C LU 

E '2 © 

w c j= 
o H 

0)' ° 

J2 ® rj 
to to 05 
DQ ro 2 
to m w 
co ro .a 

4^ t 

Q « a 
w q © 

,g> «o *- 
5 2 0 

| Is 

1 si 
*< $ 
H ® © 

. *“ © 
Q . n 

2 | | 

> CD E 


0 jr 
5 H 
E 

CD 
CA 
0 
CO 


C 

o 

‘(A 
(A 

j= E 

CD 
3 £ 

^ E 

CO £ 
£ £ 
£ s. 

0 o 
> ^ 
LU *o 

CD 2 


” o 


CD 

o © 

£ i 

3= to 

© lo 

H = 
£ 2 

2 o 

St 


£ ro E 
E £ 


£ 2 © 

« sz 

o° © 

E c 2 

2 > I 

a»uj > 

% l ® 

5 -r ° 

°3§ 
g £ •§ 

a £ 5 _ . 

® ® o r ® 

« © S 
o ® o 

co ro w 
■c m 2 

to to O 

£ to 
° O 

CO *_ 

^ s_ 

H E .9- 

•t « 

CT 0 
UJ -o 


<S 0 


2 


o w 
t: c 
S o 

Q. ’zz 
^ CO 
O *- 
*- 0) 

T3 9* 
<D o 
■o — 
0 co 

8£ 

■*=§ 

— c 
0 — 
£ O 

-C 

LU ~ 
C/) tA 

O 2 

3 O 

•g $ 
0 ~0 

> 0 
0 0 

£ ,5 

— CD 
O 0 

2 o 

© to 

! I 

0 UJ 

1 * 

o E 


C 0 

10 8 
CD 0 

£ © 
E .2 
2 © 

il 

0 o 
0 0 
0 o 

CO CL 
X 

0 LU 
0 >, 

° I 
0 
c 


CA 

C __ 

0 <9 


UJ 

0 


0 

0 

(A 

Q. 

E 

o 

o 


E 

2 

0 

0 -j; 

*a °o 

.c 

2 CA 


0 

0 

0 

OQ 


0 

c 

0 

o 

co 

c 

o 


0 0 

0 g> 


c 

0 

> 

0 


CD 

C 

CA 

to 

0 


0 o 
0 o 


d 2 2 a. 





m 





O <j) 

o s 

Q- Q) 

■ «> *5. 

CD __ 
SZ CO 


CO 

CO £ 

t £ 

5 ° 

< o 


CO CO 

a s 

-o *•“ 




2 co 

C CO 
CO CO 

E o. 

- fc CO 
Q. 0 
CD £? 

, -»— ■ £- 
_ CO 

i E 

CD 

CO co 
CD CO 
•= -O 

CD s 

j§ -D 

m 05 

j2 «*= 
co ~ 

a 

il 

CD O 

K O 


ii 

a 

o E 

4= CD 


0) J>H 

a co 

I— 

o 

.E CL 

“o E 

I fi 

CO 

„ CD 
O £ 

■o •£ 

® CO 

c -o 

.9 o 

CO O 
CO 0) 


■D c 
CD (5 

i g 

§ 8 . 

o 

O CD 
CO -c 


* -o 
£ 0) 
^ O) 

CO 

■D £ 
CD ° 
3R CD 

o - 0 
C to 

CO 3 

p E 


CO <1) 

° s 

P 

5 o 


E 

k_ 

jO 

w 

CO 

CO 

£ 

CO 

o 

co 

© 

to 

.o 

5 


c 

.C 

Q 

CO 

O) 


o 

a> 


to 

c 

6 

co 

c 


"O 

td 

*k— 

CO 

*co 

3 

o 

*k. 

f? 

CD 

CD 

CO 

c 

E 


2.eg^§ 

■g 1 2 ■§ g 

^ t — "O C 
CO O 2 CD 5 
CD ^ co CD CD 
TD .E T3 C Q. 


«c CO 
O ^ 
CO ^ 

o S ® 

0 j*: 

.1 s g 

1.11 

CD q5 

o) o a 

C -C 0) 

c W -C 

1 ° © 

2 = £ 

0 1 !> 

* «‘s 
z ! £ 

# 

-c 

1 f > 

*° T3 S 
(0 0(0 

ill 

o « w 

k— m <*— ■ 
0 i- X 
Q. CL CD 
Owe 


w © '© 


a 8 S? 
© a g 

8 ©^ 

t: £ o 

f-s S 

© c | 

§ ro s 

~ E o 


>* 

C 

CO 




Q 

O 

a. 

> 

0) 

CO 

CO 

n 


t/> 

c 

o 


u; r 

> .2 3 g 
o <5 .55 !c 

s 0^2 


co jo 


5 e£ 




S o 


2 

CO 


<0 


O >r 

*?= P 


2 ? 

Q 58 


0) 


(0 


to 

k- 
<0 
a 
O 

O) 

c 

*35 
(/> 
a> 
o 
o 

k- C /3 

0 - *35 

® § 

o a 

£ 0) 

CD O 

> jo 


M C 'fO 


CO “D 

3 0 ) 


.2 O 


o . 9 - » 3 

• — br rr 


w CD 


C £ 


CD 


CO 
c © 


CD 


£ £ 5 . 


c £ . 

s f # 

o o o 

O O CL 

Q -2 2 


?o 

co - 

CD 
O 
c 


CO 

c 


? s 

co <0 

tu £ 

co ° 


3 
CO 

CO 
CD 

o 

t— 

3 

a> n o 

3 CO CO 

cr — (D 
CD - 

CO CO -Q 

c CD 
<D := 

E 


CD 

-O 


5 

a> 


2 = 
3 w 
a) a c 

£ 2 .2 
CD o <5 
.£ E to 

| * ® 

£■0 0 

” S f | 

«2 _ to 
TO 2 o 

r co jr 
® 5 co 
= Q) C 
to® 

« S ® 

| 2 -s 

^ o a- 

Bg 2 


co 

'co 

c 

o 

o 

o 

O 

CL 

> 


CO 


0 

1 

c 

° c 

cn o 

£ co 

5 .55 

S e 

CO 

E CO £ 
o a> ~ 
u E 
o 2 o 

-Q 
JO 

5 

CO 


1 1 

*3 o 


co 

o 

*D 

a) 

T3 

CD 

CD 

c 

JO 

.55 

CD 

co 

E 

<D -L 

£ £ 

^ 

o co 

U CD 

® 1 
£ c§ 

2 E 

■D C 

® O 

® '■§ 
E t 
o o 

o> w 

1 1 

c £ 

co "2 
E O 
g o 

■o _C 

£ t 

w (0 

LU 

{S o> 

E c 

ffi £ 

£ E 

CO ® 

c a 
o TJ 


.2 jg® 

CO E CL 
CO 


2 ■p to c 

H ® .9 Z 


!;-l 

®i c 

0) ® w 

£ E .© 

l~ “ £D 

2 § 
CD co 
> co 
O CO 


CO 
O 
E £ 

3 CO 

Is 

o *0 
a jd 

§ <5 

5 c 

O CD 
Cl O) 



>«!!»< 




o 0) 

2 -S 

<D c 

Q- o 
O o 


CL 

<1> 

O 

c 

O j- 
° 

<0 T3 

§ = 
(0 O 

II 

o s 


«_ CO 

o n 

.tr *- 
T3 C 
<D 0) 


C •— 

© 2 . 

> cr 

Ui LU 


(0 O 
*2 ♦' 
CO (0 

-Q «- 

S g 

s o 

E r 
© o 

C0 Q. 
CO © 
< CC 


Q> © 

^ - 
3 © 


Q. « 


i i i 


Mission Manifesting information 
Resource Usage 
Equipment and Assembly use 
Crew Requirements 


Q) 

Q. 

E 

CO 

X 

LU 

>* 

x: 

u 

k_ 

co 

0) 

X 

co 

+* 

c 

<D 

> 

LU 

Q 

O 

CL 

> 


CO 

o 

'sz 

o 

0 

0 

!c 

CO 

c 

*0 

0 ) 

k_ 

3 

c 3 

3 

w 

W 

0 ) 

k— 

CO 

Q 

O 

CL 

> 

Q) 


CD 

CD £ 

15 

0 ) < 

CD 

£ c 

s S 


E 

CL 


O* 

(D 


CO 

CD 

CO 

CO 

X) 

CO 

0 

•a 

c 

CD 

E 

9. 

■3 

cr 

UJ 

■a 

c 

CO 


w 

-Q 

s 

3 

o 

>, 0 

9 8 

it 

Sg 

C O 
CO <0 
. I 
CO *0 

c c 
o co 

8 " 

E £ 

£ § 

*= CO 
C CD 

M 

0 »- -Q 
“O P .*= 

CD 3 CO 

C O > 

y= $ co 

CD ^ 

■0 -o .52 

k. 


CD O 

s 8 

CO *“ 

c c 

o Q) 

> E <D 

Q. £ 


c 

CD 

E 

0) 

CD 


CD 


-O 

E 

0 

CO 

CO 

< 


cr 3 

o 

A 

co 


0 


co 


a> 0 0 
> “I “O 
0 0 


■Q J= 


w £ 0 


c 

0 

> 

UJ 

0 

JC 


S> 

o 

E 


_ © 
> 


© co 


. _ LU 

© ^_ 

= © _ ~ O 


® 0 > co 

r | s 

<f 8 

ili 

£='<«© 

<0 .52 > 

EE® 


© 



'»!!!« 


( o 



*- 

CM 

CO 

a> 

a> 

75 

> 

> 

> 

Q) 

0> 

0) 

-J 

-J 

-j 


Ann_Rpt_fi9 





>x 

T3 

“D 

CQ 

CD 

CD 


C 

E 

*ri 

0) 

o 

CD 

*o 

t: 

T5 

0) 

<0 

& 

CO 

a> 

CD 

c 

T3 

CD 

CO 

CD 

X) 


CO 

>* 

3 


to 

CO 

co 

c 

E 

CD 

ID 

CO 

c 

to 

x: 


CD ^ 
-P ^ 


™ Q. 
9> O 


<D Q> 

> Q. 

CO >> 
CO *•- 
CD -o 

8? 
w & 
C E 

— Q. . 

I £ ' 

CO ~ . 

«1‘ 

I I 
CD ^ 
X5 *Q . 

— <D 
CO Q. 
C CO 

o _ 

^ i : 

T3 ^ 

CO CO 

tf 

* ra 


3 CD 
< Ql 


* 





CD 


If! 
1 fl 

> <0 IL 

<5 O c 
S o 

< T3 

«®s 

“ <D <D 

3 C <j 


0) 

g 

x: 

CD 

> 

cd -q 

w £ 

C 03 

£.i 

(1) CO 

o 2 
co H 
a 
a) 


$ **&8* 


c 

0) 

E 

a> 

V. 

3 

O* 

a> 

cc 

CO 

c 

O 

JO 

3 

E 

<75 

X> 

c 

CO 

JO 

CO 

>* 

<0 

c 

< 

•o 

a> 

o 

c 

CO 

> 

*o 

< 


° O ^ 

5 Z 2 

S?| 

S' • 9 

o a) > 

£ M (D 
m to 
O^o 
0.0.,' 

2> c £ 
w| S 
to c 

T3 si= CO 
CD CD 
CO T3 

8 f I 

•sis 

CD *= 


>> 

CD 

tr o 
o o 

Ql c 
Q. -C 

3 a 

CO CD 


w 

CO 


O .fc= 

•52 t 


J= 5 

— <D 

m Z 

I? 

<0 CO 

&* 

0 o 

° S' 
C ct 

,§ x: 

co g 

CD 3 
(D <D 

1 8 

© = 

-C o 


£ I - 
> c s 

CD ~ 


E 6 i 

CD 
CD 


o ir 


2 3 

3 .9? 
O’ o 
p CO 


> <D 

— a) 


CD 
CO 

o 

Q. JO 


3 

a 


c 

.CO 


5 g 

.52 | 


O P CO P 


CD m S 


3 3 .2 

_ .c 52 


CD 

CO 

CD 

JO 


X> 

C 

CO 


c 

CO 

E 

© 


>. 

1 2 
O co 

c *2 

2 i 

•i ® 

C CD 

.E Q. 

CO o 


co « 
c E 

O CD rf 
35 CO E 
co CO .2 

3 <° 3 

0)^.9 
c P 3 
o co 03 
O iii > 


CD 

> 

f 8 

$ > 

:t=: cd 
. £ 
CO 

SB 

ss 

fi 2 

| 8 

CO = 

E 5 

o 8 

B 8 

CO JO 

CD ^ 

CO XJ 

CD CD 

> CO 

* 8 

CO I— 

x: 

g co 
3 a> 
co w 

»*— co 

o n 

c co 

£ *3 
<5 ■o 
o> c 

CD <D 

.£ a3 

|1 

t B 

o >- 

Q. CD 

a x> 

= E 


CD 2 
o CO 

co a 

GO £ 

CO o 

- To 

Q 3 

O .2> 

5 c 

&<S 
© c 
© .2 

■° 2 

<2 co 

o ® 
Q 8 
2 & 
o to 

To co 

cd ~o 
cl c 

O *° 

CO CD 
C CO 

2 co 

‘55 

co — 
5 iS 
^ co 

(D O 

8 s 

•el 

co ro 

« 8 . 

tf O 

a. ® 

l| 

.2 c 

-C © 


CO 


O c 


o CO 


— <0 o 


82 

4 8 

3= (0 
w t: 
o © 

_ .2 

| 2 5 


O <d 

o 3 

“ CO 

<D 

X) 


CO 


CO 

.11 

CO (1 

co .2 

E % 

<— CL 
° © 

a> ^ 
P- -a 
^ c 

co m 

O ■O 
*C 03 

co To 
> 2 
tr 5 

Q. O 
§- CD 
CO 

o 2 


CO 

E 

CO 

3 

CD 

o 

C 

o 

o 


3 

o 

> 

CD 

CO 

CO c 

.if 


<D “D 

5* 

w a) 

© .E 

x: d. 

«- a> 

s s 

if 

O -2 © 

|«!S 

5 CO J3 


© .y 
&8 
©E 

CD CD 
*0 £ 

a> — 
c o 
5 03 
X3 o 
CO 

CD _ 

-1 
i2 ^ 

3 CD 

8 § 

II 

I? 

3 — 

o S 

> o 

® 1 

1 1 

2 co 

w ,3 
8 8 
§. .52 
CO ^ 
CD CO 

3 c 


^ CD 
^ CL 

3 ° 

2 c 
^ o 

s \ 

c E 

° X) 
X) CD 
CD 

■S w 

(0 <D 

3 -o 

9 © 

© £ 

s & 

.2 w 

c o 
o ~ 

CO ^ 
W {= 

*E 

CD Q. 
£ 8 
3 *i= 

= f i 

O CD 
"X c 
CO F 

3 § 
O) © 


C ® 

g -D 

O o 


~< £ © 

= -S* 


CD 

C 

*co 

D 


x> 

aj 

3 

3 

CO 

> 

CD 


CD 
O 
CO 
CL (D 
C/) X) 


X) 

CD 

ft CD 

C 
CD 


CO 
3 

e c 
£ .2 
— 3 
g S5 js 


c 

co 

o 


(0 

E 


X3 

C 


£ 


CD 3 

a <2 
co 2? 

_ Q. 

o c/) <D 

CO CD ^ 
CD £ 

^ ^ r; 

£ 3 co 
w w co 

0 C ^ 

•D .9 O 

2 2 0 

1 s E 

a ° b 

3^ X3 ^ 
^ .2 
o l CO 

CO c CD 

1 1 

O =3 

O tl 

» ® 5 

<0 M 

=1 £ "re 
5 **- c 
_ w © 

sis 

o°§ 

75 c « 

"3 oej >* 

E < E 

** w “ 

? .2 © 

»II 

.52 o ^ 
CO cc <D 
x: 

co ^ — 

g <D O 

^.2 8 
t- to .2 
E co 
2 55 

9 ®- 

< o 


compared. 



Support study of both manual and A&R options for performing 
operations 


o 


% 




* 


to 

to 

■a 


o 0 

E • 
to lo 

<D = 
x: ^ 
H Ol 
V O) c 

to £ 


a> 

a) £ 

JZ H 


3 CO 

•o O 
• o 


co 

c 

0 ) 

E 

CD 

u. 

3 

cr 

0 ) 

cc 

to 

c 

o 

’<3 

ro 

3 

E 

55 

T5 

c 

ro 

(/) 

‘5 

5k 

CO 

C 

< 

"O 

o 

o 

c 

CO 

> 

■D 

< 


O E 
CL E 
Q. (0 

® & 
to § 

3 CL 

Q. m 

E 5 

o CO 

°3 

TO TO 

a >, 
o .2 

° S 

CO | 


3 | 

si 


TO 

T3 

C 

TO 

CO 

g 

< 

“D 

to 

co 

o 

CL 

O 


a> « 9^ 
o o 
2 < 

O O 

CD o 

S? o 
(0 ■. 

= C 

O) o 


3 1 


CD 

JO 


E 

— o 

1 2 

0 Q. 
2 2 
c Q. 
.2 CD 
TO £ 

1 s 

w g 

E >* 

« 

,S2 "to 
to rtj 

$1 

3 £ 
< E 

TO TO 

o -Q 
c 


TO 
3 

E 

CO 

p * ^ 


c 

TO 

CD 
CO 
TO 
jD 

TO 
TO 

*o 
■a 

TO 
"D 

c 

TO CD 


TO 


■a ^ 

< *£ 
TO TO 

£ E 

H- a 
o 

TO 

> 

TO 

X3 


o> C 
C TO 
CO S 

^ 5 

g TO 
fcr x> 

O) s 
£ 5 

Sg 

TO *5 

m TO 
TO Q 

52 Q. 
c a. 

CD TO 

E TO 
2 £ 
‘3 ^ 

cr o 
£ c 
a> .2 

CO tT 
TO O 
XI CL 


O- o 

° © 
TO 

x: ~ 
~ CD 
O) N 

£ E 

31 

T 3 E 

aS 
o 

TO 
> 

TO 
“D 


E 


C “D 
TO CD 
TO tr 


TO 

JD 


Rrn 


to tr 
g» o 
ro 5 = 
= ro 

01 _ 
c O) 

JS .2 

c e 

1 2 

CD 

ro 2 

O) tt 

2 « 


CO X3 

£*•§ ro 

S f </5 

^05 

O <D > 

!Sx 

O £< 
ro g > 

O) © p 

© xi ^ 
■d — 3 


V) 

ro 


^ | o 
* ro 3 
© .2 w 
> ai 2 
o Q. c 
•Q ro ro 

o |5 c 
© .2 o 
c ^ 
O TO 

c }E 

E . 

TO to 

8.1 


TO 


x: 
c ° 
TO <° 

E TO 


c 

CD 

E 

c 


> 

c 


CO 

CO 

CO 

TO 

o 

<D 

c 


> CO 

> CO 
"O >, 

2 t 

5 o 

2E 

TO 3 

o ro 

O -© 

ro = 
co 

t: to 
TO ^ 

.1 8 


t. ^ i- 

Q. JD TO 
O 


^ TO 

TO 
■D 


O 


C 
TO 

E 

Cl 
- o 
£ To 

TO 


CO _ 

c o 



Ol > 
CL c 

CO TO 

TO O) 
£ .2 
CD 3 

£ g- 

to E 

3 O 

>, o 

CD 

CD 

w 

TO 


CO 


CO 

O 

a 

i 

CO 

5 

CD 


E 

o 


CO 


x> c 

TO TO 
JC £ 

c 
CO 

o 

8 * 

o t - 


o 

CO 


<0 

CO 


CO 

CD 

E 

2 

'E 

CO 


o 

Q. 
CD TO 
C ^ 

55 2 

^ CO 
>> 
CO 

c 
co 

JC. 

h- T3 
TO 

ai £ 
o a> 

3 Q 

o 

1/5 CO 
.b= TO 
TO TO 

£5 

O 2 
0) TO 

JD 73 
CO CO 


<D 

a 

<o 


a) 

JD 


3 

o 

CO 

> 

TO 

SZ 


5 o 

II 

ro o 

3 © 

1 ^ 

2 8 

-TO ^ 

TJ TO 
TO “= 


t- 
.2 

TO C TO w — c 

^ O "O 3 O 

TO 75 JS 

2 ro o 

3 o <2 

O CD TO 

co iz 

CO 

TO TO x: 
TO CD 
^ C TO 

= xy to 
^ *> o 
2 2 - 
a o 

>. « 
xs .2 


• 0^2 



Provide for data traceability 


<d 


e 

o 

eg 

CD 

O 

*o 

a> 

w 

■3 

O' 

CD 

CO 


O 

«> s 


co 

CO 

c 

CO 

a> 


c 

o 

E 

0) 

3 

cr 

o ±= 

“ n 

0) O) 

c 2 

.2 2 

S £ 

CO 

as 

■o 

CO 

c 

.0 

2 

<0 

CL 
O 


O >» *o 

a aj ^ 
_ c u 

O < O) 

O ©I 

(D jC c 

8 5 

a) m a. 
o E ~ 

P o c 

cd 

a to E 

C N § 
CD C E 

^ 8>£ 

•- o e 

jS < o 

- 2 


CO 


CO 

.18 


3 

E 

55 

T3 

C 

CO 

<0 

’55 

>* 

CO 

C 

< 

TJ 

CD 

O 

C 

CO 

> 

o 

< 


I, 


CO 

0 

OL 

<D 

£ 

CO 

5 

o 

x: 

CO 

■C 
CO 
J c 
o 

CO 

lc 


o 5 

CO k- 
£ 2 

S* 
<° 8 
« E 

w §5 

w 

CO 3 
C O’ 
CO O 

18 
>..2 
"8 

a> & 
o o 
a) <d 
o £ 
o 

CO O 

w « 

o 2 

s I 

*° io 

S c 

CO 

T5 W 

76 o 

3 Q- 

•g a) 
> w 
T 3 "O 
C P 

m To 
© 0) 
t£ "O 


CO 

55 

CD 

o 

CO 

Q. 

CO 

CO 


CD 

2 

3 

O 

CO 

3 

Q. 

C 

c 

CO 

CO 

CO 

15 

a3 

CO 

3 

£ 

O 

* 8 

>. f ~ 

if 

O <8 



'»!!!< 


•i! c C 

o 


C 

v. O O 
L ‘*2 (OO) 

2 52 

C O Or- 
P • >• > r- 


.= m « — 5 

= ?5 a ® 
o > 2 c ^ 

Q. 


>* O o r- 
L • • O) u) O) 

C c o> L. o> 

C O Or- 

FJo > o 

— m « -=. ® 

® >Q gO 
a iZ 


« I 
O m O CA 

5 8 -51 8 S 

® o ® ® t a 

E en: E ® 9- 


g.U 

coOg 
Ul z c < 

«0<“ 

«200 


dcqS 


CO 

CO 

> Ui 


O ui 9 o < < 
oa-Ozzi 
h02<<co 


Ul z 
I 2 
*” < 


DC UJ 
LU DC 
I- O 


c c •- ® 

« « 3 in 

U > C7 « 

CO Ul Ul < 


O CO 

Z Z UJ 

SffigS 

OoS< 

IOUih 
UJ DC CL < 
>0.0 Ci 


£u . 

S2S 

§5“ 

Ul OC < 

LU Ul h- 
£ £ < 
llOD 


aUJZ 

9 dc ■— 

o2 

2>gF 

co b < 

>■ 5 DC 

jdiu 

<iz 

Z ^ Ui 
< CO O 


> v o> 
JO© 
u> ^ 

e§o 

« =*0 


>uo 
® Oo> 

CO «“ 

I|o 

® > o 



ON-ORBIT ASSEMBLY TASK DEFINITION STUDY 



651 


RICK VARGO 

DEPUTY STUDY MANAGER 
PHONE: (407) 868-0561 


f 


♦ 


m 


n 

0 

CL 

01 

3 >, 

® ■§ 
*D 2 

> w 

o 0 

o.£ 

O 

«— O 
00 CO 

o> 5> 

*■» *>» 

& 1 

E © 

o c 

2 !i 
© ^ 

M £ 

to 

If 

S 3 


-= C 

0 Q) 

■e i 

o g 

£q 

< a 

CO c 

< © 
Z E 


1 


,1 

IS 

3 CO 

V) 

CM 


i?? 


!? 

CO p 

co E 
t: o 
.2 £ 

| 8 . 

.g I 
Si 

o « 
o JS 
2 - 
■p j= 

0 ~ 

1 § 

~ CL 

3 


eg 


to p © 


C k_ 
0) Q3 
Q) 

0) 

-C jC 

„ o 
O fe 

CO CD 

X <S> 

• 0) 
O CC 

£ >* 
CO Q) 

Q o) 

r 5 

2 .co 

c§£ 

0 2 
O 

Q. « 

« s 

> 0 

15 

© o 

* $ 
~ LU 
CO ' 

>** CL 
C 3 

a s 

E ® 

O O) 

o = 


53j to M 


o> 

<8 g 

s l 

X I 

o| 

jjj « 

iE < 


S3 ? 

o> © 

— « 

0 3 

"8 2 

■£ co 

is 

■o s_ 
2 £ 
5 e 

2 8 . 
c © 
© CC 

o_ re 

fi 

® © 

1 8 

Si 

CO CO 
03 c 

.£ o 


to 

2 S 

0 CO 
0 CD 

c *o 

03 0) 

S| 

si 

2 C 

Is 

11 

i2 co 

C Q) 

3> to 


03 

C 

*to . 
CD CD 

p o 

5 2 

CO Q 

£ o> 
-c 
. +— 
co c 

0 E 

II 

To £5 

= CO 
CO T3 

o £ 

o 
0 

c Q- 

.=: co 

0 C 
(0 -~ 
co eg 
iD S 
0 O 

5 o 

> 

o>0 

C LL 

<0 co 

to 5 

0) 

o >> 

O -Q 


© £ 

•s ^--ri 

1 1 ! 

IS« 

2 10 0 

isi 

o :•= >* 

c XJ ~ 

<§•5 


*8 


S 


© 


S'-s 

I 

TOO© 
O § TJ 

sll 

0^0 
.3 5 
CL 


•s 


® -o 

• g i 


© 


re 


I s s 
s 


il 

re S 

S 8 

c O 

5 <r 

g 5 


aa 


0 

Is 

o 

CO Tf 

0 E 
S< 3 
8 ? 
“ 0 


in r- 

O -g 

0 > 
c £ 
0 o 

0 3= 

0 0 

£ J2 

.2 Q. 

3 g 

1 o 

2 c 
£ o) 

<D CO 
C CD 
S T3 

<D w 

X3 *Q> 

JC 

a 

cn: 

CO 

0 


0 
o 

CO 

c 
O 
co 

CO 

E 

13 * 
O 

o co“ 

o ® 

0 ® 
o ^ 

c o 

E § 

F <5 


0 Ql 
. . >* 0 
r 25 X3 

gE o 
© S Z 

i<! 
£ .« £ 

9 S' 

s o ^ 

o ® 

S-I 
© © - 
to > "2 


U __ 

Qj ^ 


03 C 
CO o 

03 co 
w 

o 

*C CO 0 
-5 ^ > 


® ! 


125 


1 i 

o 0 
C !5 


co 

5 8, 

3 03 
*c5 co 
C 0 
T3 
CO 0 
CO o 

S *0 
o > 

Si 

<1 

CO *£ 

0 2 

% E 

to 

c qc 

«3 

03 . 
C co 
co 0 
0 O 
0 C 
O CO 

2 « 

Q. .2 


03 

C 

"5 

0 

2 

0 

O 

0 

Q. 

E 

03 

0 

0 

0 

O 

o 


c 

o 


0 

-o 

c 


03 

0 

0 

0 

0 

0 

0 


a 


0 


0 

1 

a 

o 


0 

0 


■° 5 -§ 
0 p © 

5.S i 

« -j- 

© CO 


- 5 E TO g CO 

? s “r « £2. 
c©co©^_ 
00 o re c =5 -g E 
2 3 S 5 
- « 3 S 
© % © 
TO OC IL 

O .•S c 

O) ■£ o 

| 6 TO 
O = w 

= o © 
5 © re 
® o a 

£ x: co 

E > « 

_ 


0 
3 

1 

■5 
0 

o 

cr w 

3 s 
. 0 
>* > 

^ § 

s: « 

8 ° 


St 2 


03 

c 

0 Q) 

8 1 

“ T> 


£ 0 
0 

0 
0 


i 

0 t- ^ 

r 3 «- 
3 o 45 
S iii ? 

5 | I 

H £ o 

3 O 

w “i re 

0 JC w 
« o > 
C £ 
0 3 75 

§5 J 


€ 

o 

C 

o 

-C 

o 

c 

3 

3 


CO 

2 

0 

£ 

*S 

t: 

a 


aiS 

3 P 
0 £= 

c 2 


a 

o 

a. 

> 0 

0 o 

-C o 

o ^ 
^ o 
£ 

ll 

0 if 

SI 

X3 CO 

== u 

1 a 

co JE 
c © 
0 o 

e § 

re o 

3 8 

!I 

C CO 

I JT 

o.*o 

3 0 
© LL. 

0 

0 
C 
C 

o 2 

CO 3 
0 O) 

c 

T3 O 
C O 
0 co 

si 

1 1 

? Q- 

0 X 

3 O 

1 £ 

o> 2 
C 3 
0 m 
0 2 
® >, 


0 

c 

o 


0 “ o 

§5 Is 


1 S? 


0 

-2 

0 
Z 

01 
X 
UJ 

O 

0 

£ 

03 

C 

!c 

o 

c 

3 


s s 

Cl © 
03 O 

18 


0 ^ 

0 ^ 

7s 0 

to 

o a. 

0 > 

& . « 
T3 S O 

S «s "g 

a: tj ci 



OBJECTIVES 


j 



o 

i- 

iu 

x 

< 

£ 

X 

h 

03 

Z 

o 

H 


LU 

Q 

* 

03 

? 

o 

z 

g 

> 

£C 

UJ 

03 


m 

2 

LU 

03 

03 

< 


OQ 

CC 

O 

i 

z 

o 

UJ 

X 

H 

LL 

O 

03 

UJ 

> 

h 

o 

UJ 

-3 

CD 

o 

UJ 

X 

I- 


LU 

o 

a 

UJ 

o 

Z v" 

^ -J 

a cd 

Z 5 

< UJ 
UJ 03 
O <2 


LU 


o 


S3 

3 ujp 

isi 

go-u! 

8 tw 
jO ff 
D £ o 


CL 2 ^ 
UJOH 
HilZ 
2 03 UJ 

X 032 

w Q x 

> H 03 

o° m 
9 03 CC 

? *X 


t UJ 

Q. 03 03 

a. uj uj 

<(Eh 


Q 

UJ 

03 

< 

CD 

03 

Bs 

o 

-j 

LL 

* 

03 

£ 

O 

z 

03 

03 

UJ 

O 

o 

cc 

X 

H 

CD 

X 

0 

1 

z 

o 

Q 

z 

< 

Q 

Z 

X 

o 

cc 

(3 

x 

O 


03 

UJ 

C5 

O 


< 

a 

z 

o 

X 

o 

UJ 

-J 

CD 

< 

U. 

P 


CC Op 
O 


UJ 

> 

UJ 

Q 


< 

X 

O 


(D 

Z 

5 

X 

03 

UJ 

X 

UJ 

X 

h 

Q 

Z 

< 

I- 

Z 

UJ 

2 

Q_ 

X 

o 

UJ 

Q 

Z 

< 

03 

LU 

Zj 

O 

s 

Q 

UJ 

X 

X 

o 

UJ 

X 


03 

o 

< 

X 

2 


UJ u. 
Q 03 
= 03 


Ul 

g 

x 

UJ 

> 

UJ 

5 

Q 

O 

2 

2 

O 

o 

o 

< 

o 

h- 

03 

LU 

h* 


O 

s 

o 

03 

* 


ps 

o 91 


< 

a. 

2 

Ul 


03 

UJ 

O 

o 

X 

X 


o 

z 


2 

X 

UJ ^ 
h* O 
Ul X 
Q O 


< 
03 Z 
20 
Ou 


< 
X 
Ul 
X 

o 

UJ 

o 

X 

o 

Ul 
X 

<o 

^ z 

a< 

o >■ 

= o 

X ^ 

gw 


03 

UJ 

o 


o 

£ 

Q 


C3 


g 

u 

u 

Ul 


o 


X 
UJ 

o± 

Z 03 


o 

o 

03 


o„r 


03 

Ul 

o 

o 

X 

X 

UJ 


< 

ga 

is 


I 


o 


INCORPORATE DATA GENERATED BY THIS STUDY INTO LaRC’s VEHICLE 
PROCESSING OPERATIONS DATA BASE (VPOD). 



A KSC data base of procedures and processing flows from Shuttle, Spacelab, Delta, Centaur, and Apollo/Saturn programs was used to determine 
the tasks, timelines, manpower, resources, and facilities necessary to process OEXP vehicles both on the ground at KSC and on orbit at Space 
Station Freedom. These ground assembly, refurbishment, test, checkout, and launch procedures contain schedules, manpower, and support 
equipment requirements. The most appropriate analogy was selected for each OEXP vehicle element and task from this KSC data base. 
Additionally, the study team conducted detailed technical Interviews with the NASA and contractor systems engineers and technicians who are 
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The Mars Mission Vohlcle had a high degree of commonality with elements of the Phobos Gateway and Lunar Piloted Vehicles, and processing 
operations were derived from them. This Mars vehicle assembly flow was submitted to MDSSC-JSC for review and incorporation of accurate 
EVA/RMS operations times. Additional iterations to these flows to incorporate realistic EVA/RMS times and automation/robotics technology 
enhancements are planned. 
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Phobos Gateway 
Overall On-orbit Processing Flow 




The Lunar Piloted Vehicle and the Lunar Cargo Vehicle were designed by Martin Marietta. These vehicles are identical, except that the eight-man 
crew module is replaced on the LCV by an unmanned cargo element. The fully assembled and fueled vehicles are placed in LEO by a Shuttle-C 
ETO Launch Vehicle. The Space Shuttle orbiter is an ideal analogy since its flight crew systems, consumables, crew size, and mission duration are 
similar to the LPV. Some Shuttle tasks, such as hydraulic and auxiliary power unit servicing, have been deleted as the planned LPV does not utilize 
such systems and components. 
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LPV/LCV Overall On-orbit 
Turnaround Flow 
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The Mars Mission vehicle on which an assembly analysis was performed was designed by Boeing Aerospace. The piloted vehicle consists of the 
Mars Transfer Vehicle (MTV), which houses the crew in a zero gravity mode during transit, attached by four manipulator arms to the Mars Excursion 
Vehicle (MEV), which lands on the Martian surface. The TEIS and MEV descent/ascent hydrogen and oxygen tanks are launched wet from Earth, 
but require top-off before trans-Mars injection. The TMIS core stage (with five integrated engines) and three strap-on tank sets arrive on orbit fueled, 
and do not require top-off due to the short dwell time prior to use. 
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Mars Mission 

Overall On-orbit Assembly Flow 





In order to support LaRC in their providing Input to Section 3.10 (Evolution) of the Space Station Program Requirements Document, the study team 
was tasked with generating a list of 'hooks and scars’ to the assembly complete station which would enable it to evolve into an OEXP transportation 
node. For the purpose of determining “worst case' impacts to SSF, all vehicle processing operations, including cryogenic propellant loading, were 
baselined as taking place at SSF. An additional requirement was that the “hooks and scars' must encompass either Mars vehicle processing gr 
parallel processing of two Lunar vehicles. The SRD also stated that meteroid/debris protection was required for the Lunar vehicles while at SSF. 
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SSF Processing Hangar 












The procesing hangar will provide vehicle storage, power, cooling, and fluids servicing. Two Mobile Service Stations (MSS) are provided for 
simultaneous telerobotlc processing of two vehicles. Vehicles can be berthed to rotatable Station Interface Adapters (SIA), which simplify MSS 
access for vehicle inspection and servicing. An airlock and crew transfer pod are used to transfer crew members and equipment between the ops 
module and the OEXP vehicles without having to perform EVA. 
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SSF “Hooks & Scars” 
to Accommodate Hangar 
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(Phobos Gateway 

_____ integrated testing) 

Thermal Control 2 ammonia LOOP scars 35.5 kw heat rejection 105% of 

System (TCS) (1 for port, 1 for starboard bay) for each bay (48.8 KW electrical load 

peak for both bays) 

















The basic dual bay hangar facility includes a pressurized operations module, which functions as the monitor and control center for all vehicle 
processing and testing. It Includes a node with cupola and RMS control station, and Is located within the processing hangar to allow close proximity 
access and unobstructed visual line of sight to the OEXP vehicles. A pressurized “pocket lab" Is recommended to permit shirt sleeve maintenance 
on items requiring frequent service. Nodes are used for vehicle berthing and logistic resupply of the vehicles. 



~o 

0 

N 33 

~ Q> 

3 N 
CO i= 

CO 5 
m C/3 

0 . 

0.0) C 

CD Q.-2 

co 

£ ®to 

c -ts jz 

O ® -c 

.'g« o 

OED) 

Q.O 0 
0**-£ 
wSc 
0 0 O 

c E*o 

O 0 0 

S-^o 

w §o 

0 (0 -Q 

0 "O O 
-c c +- 

0- « CO 
(D ® CD 

^ O « 

C §--c 

o o >* 

CO __Q 

S-g e 
■gg® 

“ m 


Q) C 

>,*o CO 

”50 
0= o 

3 CD 

M — m 

0 O ■*** 

ci: to 

o) 

0 0 3 
= ?•£ 
gE-g 

■i= c/> 0 

“§(D 

0 .2 0 

5o5 

m 

CL o E 


•h 

•| ® o 

b co < 

0 ® CL 

3.9 2 

.2T -C . 
c 0 c 

§ >.S 

0-2 « 
Q-O * 
w -C $ 

^ to > 

£ lo < 

■0 3 — 
® % C 
0 *“ CO 

.2d w 
*o c 0 

ffi (OD 
X5 - J2 
£- CO o 

o ® .2 


co _Q 

£ E 

O 0 
Q. CO 
Cl <o 
3 0 
co o 

5 ~ 

CD c* 


o 00 
u co 

CO 0 

® 8 
T3 0 
> c 
o — 

O- § 

? I 

0 3 

"5 ®" 
■o ® 
O -o 

F c 
C 0 

P CO 

Is 


CLg. 
O O 


2.2 


leg 

C 0 

o o 

O C 
CO CO 

II 

II 
0 ^ 
CL -2 

O *o 

r- C 
£ 0 


~ 0 

§ f 

LL) o 

C % 
0 C 

E 2 

i 

^ > 


0 

> 

-Q co 

E c 
0.0 

CO 2 
0 0 
M— O 

O o 

£ CO 


o T3 
0 C 
~ 0 

10 < 
.9 > 


0 "SS 

O .* 
Cl — 
3 O 

O £ 



Operations module * hooks and scars” which reflect SSF evolutionary requirements that should be incorporated into the assembly complete station 
are provided. Additionally, living accommodations for the assembly/refurbishment work crews will be required. 



SSF “Hooks & Scars” 
to Accommodate Ops Module 

SCARS QUANTIFICATION 
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Environmental Control Oxygen stub, Nitrogen stub, As required W.R1 

Life Support System water stub, water recover to support 

stub, fire detection/ OPS module 

suppression stubs with node, cupola, 

& airlock 

















In support of a "Skunk Works" request, the study generated a list of proposed orbital support equipment (OSE). and estimated the total mass. Lunar 
vehicle refurbishment was selected for the OSE analysis since refurbishment requires more tasks to be performed on more systems than vehicle 
assembly. Shuttle ground support equipment (GSE) was used for the analogy. Shuttle GSE, however, fills warehouses and tool cribs, and had to be 
reduced to a realistic level for orbital operations. GSE for systems not found on the LPV (such as hydraulics and auxiliary power units) was deleted. 
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KSC ground processing experience has clearly demonstrated that on-orbit processing of space flight vehicles is very labor Intensive. Consequently, 
it Is absolutely essential that the design of these vehicles, facilities, and support equipment be optimized to eliminate or reduce on-orbit operations. 
EVA/telerobotic accessibility Is of vital concern. Hardware desgin recommendations are provided. 
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ABSTRACT 

An analysis of spaceborne vehicle processing is described. Generic crew-EVA tasks are 
presented for a specific vehicle, the orbital maneuvering vehicle (OMV), with general 
implications to other on-orbit vehicles. The OMV is examined with respect to both 
servicing and maintenance. Crew-EVA activities are presented by task and mapped to 
a common set of generic crew-EVA primitives to identify high-demand areas for telerobot 
services. Similarly, a set of telerobot primitives is presented that can be used to model 
telerobot actions for alternative telerobot reference configurations. The telerobot 

primitives are tied to technologies and used for composing telerobot operations for an 
automated refueling scenario. Telerobotics technology issues and design accommodation 
guidelines (hooks and scars) for the Space Station Freedom are described. 
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INTRODUCTION 


The development of Space Station Freedom involves a multiplicity of large-scale space 
systems and a number of space vehicles are required to support a broad variety of station 
operations. Most prominent are the Orbital Maneuvering Vehicle (OMV) for near-Earth 
operations and the Space Transfer Vehicle (STV) for near-Earth and Earth-Lunar 
operations. Because the station and these vehicles are at various stages of development, 
there is a twofold interest in examining the potential for applications of robotics 
technology to vehicle processing. The first interest is in understanding the functional 
operations to be performed in the future station environment. The second interest is in 
understanding the potential design accommodations that robotics might require of the 
station— the so-called hooks (software accommodations) and scars (hardware 
accommodations) needed to ensure that future technology developments can be 
accommodated by Space Station Freedom. 


Introduction 





ANALYSIS OF VEHICLE PROCESSING OPERATIONS 


Space operations will involve large quantities of crew-EVA to perform a variety of 
tasks such as assembly, servicing, maintenance, and inspection. The requirements for 
housekeeping and servicing are typically stated in terms of budgeted crew-EVA hours for 
the tasks involved. Simply stated, EVA requirements are the “work” that needs to be 
performed to keep the spacecraft system in operational order and perform its mission(s). 
The task analysis seeks to optimise available EVA excursion time by planning in 
detail, the primitive subtasks to be performed. The term used for these human- 
performed primitive subtasks is “crew-EVA primitives.” In a similar fashion, a set of 
“telerobot^ primitives is defined for machine performance of tasks. The telerobot 
primitives are linked to technologies and assembled into procedures for 
performance of telerobot operations. The study establishes a common language to better 
understand the relationship between generic crew-EVA tasks and potential telerobot 
performance of such activities. 


Figure X 




EVOLUTION PLANNING FOR ADVANCED DEVELOPMENT 
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DEFINE STATION HOOKS & SCARS TO INTEGRATE RESULTS INTO A PLAN 

FACILITATE A&R IMPLEMENTATION FOR A&R TECHNOLOGY DEVELOPMENT 




METHODOLOGY 


The starting point for development of the study methodology was to collect empirical 
descriptions of the performance of a number of crew-EVA tasks, including “timeline 
data” that records the duration of successive segments of each task from Space Shuttle- 
based EVAs. The analysis proceeds hierarchically from projected task demands for user 
payloads and station and vehicle servicing and maintenance to the definition of generic 
crew-EVA tasks, activities, and primitives. A set of crew-EVA primitives are defined and 
each EVA task is segmented into a setup, kernel, and closeout activities. The crew-EVA 
primitive set is used to calibrate a generic model for estimating the EVA impacts of the 


given task. This study developed the following generic crew-EVA tasks at the task, 
activity, and primitive levels: 


SSF Housekeeping 

o Truss Assembly (SSF) 

o ORU Cbangeout (SSF) 

o Payload Changeout 

o Servicing/Repair 


Vehicle Processing (OMV) 

o Truss Assembly (Planetary Vehicle) 

o ORU Changeout (on OMV) 

o Servicing (OMV refueling) 

o Payload Integration 


Figure 2 



STATION-BASED OMV SERVICING TIMELINE 
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METHODOLOGY AND RESULTS 


This figure illustrates the analysis process for a portion of the OM V servicing timeline by 
aligning the crew-EVA and equivalent telerobot-EVA primitives on the same timescale. 
Because of limitations inherent to the machine-performed task, the quantity of 
assumptions, descriptions, and definitions is inherently larger. The objective of this 
process is to explicitly map the telerobot operational timeline in order to surface 
technology and operational limits. The model used to estimate the generic crew-EVA 
times for each task, activity, and primitive is: 


£ x L 

i=i y 


= Y ; 


0 = 1 . 


where: 


xJ = Setup time (hours) for activity j within time period t. 

j 

XL = Task kernel time (hours) for activity j, category i, and time interval t. 

U 

Xj = Teardown time (hours) for activity j within time period t. 

j 

Y | S Total |ime for crew-EVA excursion number j within time interval t. 

Note that the actual times, xA, are sums of the product of task primitive standard 
times and frequency of occurrence: 

X Sj f s m X K.= £ T «n • f K m X T. = £ Xm • f T m 

J m=l J m=l J m=l 


J m= 1 


where, n = the total number of task primitives 

x m = standard time to perform task primitive m (minutes). 

f, v = frequency of task primitive m for * = S, K, or T. 

l*hn 

By dividing generic task times into standardized times multiplied by frequency, a 
standardized timeline is obtained for each of the generic crew-EVA tasks. The 
standardized times are a powerful result that can be extended to other tasks. The 
problem of calculating task times is thus transformed from estimating highly variable 
task-specific times to one of estimating the number of times each generic task is to be 
performed. 



Figure 3 





OMV SERVICING EVA PRIMITIVE SUMMARY 
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RESULTS (CONTINUED) 


Because there are empirical data on which to standardize the generic crew-EVA activities 
and primitives, time estimates for each of the generic tasks is estimated probabilistically 
using the above model. This figure illustrates the proportion of time spent performing 
each crew-EVA primitive as a fraction of the total EVA excursion time. Such analyses 
focus attention on promising areas for telerobot operations such as translation, 

monitoring (inspection), and selected opening and closing manipulations. 

* 

r 





SET-UP OMV SERVICING ACTIVITIES 


r 


l 


* 


* 


I. Translate to Tool Locker 

FVA Primitive Emrivnlent Telernhot Primitive(s) 

Translate (via Handholds) Select mode, Configure, Acquire, 

Range, Translate 


2. Retrieve Servicing Tools, Foot Restraints, & Peripherals 

EVA Primitive Emiivalent Telerobot Primitive^) 


Secure (tethers) 


Open (door) 


Select (tools, periph.) , 


Unstow (tools, periph.) 


Configure (toolboard) 


Inspect (periph.) 
Release (tether) 


Select Mode, Configure, Acquire (grapple fixture), 
Locate, Move, Grapple 

It is assumed that grapple fixtures will be required at the 
tool site to stabilize the robot during tod selection. This 
is equivalent to tethering; used by EVA 
crewmembers to stabilize themselves. 

Acquire(door handle), Locate, Move, 

Grasp, Open, Ungrasp 
It is assumed that tools will be stored inside a 
tool cabinet which is accessed by means of a 
hinged door. 

Acquire (tools, periph.). Locate, 

This activity occurs in conjunction with 
unstowing. It addresses the time element 
involved in recognizing the tool(s) being 
searched for. The robot will recognize the tool 
by means of matching the sensed image with an 
image in the robots tool library. 

Move, Grasp, Detach, Extract (from tool cabinet) 

Tools are assumed to be eecured within the tool 
cabinet either by means of a snap in/out 
arrangement, or by means of a velcro interface. 

Acquire (toolboard), Locate, Attach (tools to 
tool-board or EMU) 

This involves attaching tods & equipment 
to the EMU or toolboard by means of short 
tethers or velcro. 

Inspect 

Release (grapple fixture). Withdraw 

EVA cre w m e mber s will untether to free 
themselves from restraint. The robot will 
merely release the grapple fixture. 


RESULTS (CONTINUED) 


This figure illustrates the frequency of telerobot primitives for the set-up phase of the 
generic OMV servicing task. Because there is little, if any, analogous timeline data for 
telerobot operations, the frequency of primitive occurrence is used as a guidepost to 
promising telerobot primitives for advanced development. Telerobot primitives with 
high frequencies may be the initial candidates for autonomous operation, however, as 
specific time estimates for telerobot performance become available from laboratories and 
test flight measurements, improved projections of high-value functions for autonomous 
operations will be possible. 


Figure 5 









CONCLUSIONS: RECOMMENDED ROBOT DESIGN FEATURES 


There are a number of design features that, if incorporated into the station design, will 
enhance considerably, the ability of the station to accommodate new robotic technologies 
in the future. These conclusions are an attempt to characterise the major impact areas 
for robot hooks and scan. 


! 





RECOMMENDED ROBOTIC DESIGN FEATURES 
FOR SPACE STATION FREEDOM TO SUPPORT A&R 


• Autonomous translation of mobile robotic devices and supporting 
structures (e.g., MSC, MRMS) may require position location sensors 
embedded in truss members, laser ranging devices on the vehicle and 
at locations on the station, or other built-in aids to tracking precise 

* location over time. 

• Payload retention interfaces used on STS, SIA, OMV, servicing facility, 
etc, should be standardized to minimize on-orbit reconfiguration req'ts. 

* 

• Remotely operated latches with manual over-ride should be used for 
payload retention to facilitate robotics. Manual overrides should be robot 
operable. 

• Where built-in automatic umbilical mating/demating devices are not 
employed, umbilicals should be robot compatible and located where 
adequate space is available for access and manipulation, and 
robot retention fixtures should be availible for anchoring the robot. 

• Peripherals (lights, cameras) and foot restraints should be compatible 
for robot manipulation and installation as a PMC Phase I capability. 

• Power/ data umbilical mating between the SSF OMV berthing facility 
and the OMV should be enabled to be performed remotely to reduce EVA. 

• Data storage & processing requirements increase significantly 
with A&R evolution (i.e., worksite modeling, planning systems, 
system test /monitoring/fault diagnosis, etc). Hardware & software 
should be expandable, modifiable (flexible) . 

• Since flexible covers & tape are difficult for robots to handle, making 
thermal covers an integral ORU component or designing the cover for 
easy removal & installation will facilitate robotic efficiency. 

• Design robot compatibility into ORU & tool storage 

- Easy access by RMS & robot 

4 - Docking points for robot stabilization 

- Visual alignment guides on ORUs, tools, & storage facilities 
to reduce precision requirements & force sensing complexity 

- Record of removal and replacement (inventory control) 

• EVA hand & power tools should be robot compatibile, at least to 
the level of enabling human or robotic stowing or retrieval (robots 
may work more effectively with their own tools). 



CONCLUSIONS: RECOMMENDED OMV DESIGN FEATURES FOR ROBOTICS 


There are also a number of design features that would enhance the functionality of 
performing vehicle servicing robotically. This figure summarises such features. 






RECOMMENDED ROBOTIC DESIGN FEATURES 
FOR SPACE STATION FREEDOM TO SUPPORT A&R 


ON-ORBIT OMV REFUELING 

On-orbit transfer of hazardous fluids from one tank to another 
must be accomplished using remotely operated equipment with 
manual over-rides. 

• Scar the OMV to facilitate remote/robotic refueling: 

- Manifold the cold gas system to provide single point recharge capability 

- Co-locate hydrazine, cold gas, & electrical connectors (accessible by 
an automatic coupling device) 

- Use standard interfaces for fluid connectors, plugs, etc. 

- Design protective/thermal covers on OMV refueling & electrical ports 
to be retracted automatically by the umbilical coupling device 

- Scar the OMV propulsion module for automatic on-orbit refueling 
(i.e„ colocated refueling ports designed for automatic umbilical mating) 
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Total Original Vehicle On-Ottoit Processing Time 96.5 93.5 121.0 

Minus Manual Time Of Tasks To Be Automated -44.0 -44.0 - 19.0 

Plus Ratloed Time Of Tasks To Be Automated + 95.0 + 94.5 + 38.0 

Total Time of Automated Processing Scenarios 147.5 144.0 140.0 
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ABSTRACT 

When launching a spacecraft from Earth parking orbit to deep space, it is highly 
desirable to have the hyperbolic excess velocity vector (v- infinity) contained 
in the parking orbit plane. Ground launches can force the parking orbit plane 
to contain the v-infinity vector by using launch azimuth and lift-off time as 
independent variables. When launching from the Space Station, a new set of 
variables comes into play. The Station orbit is of fixed inclination but 
precessing due to the Earth's oblateness. Its plane will seldom (and may never) 
contain the desired v-infinity vector. Consequently, the departure strategy 
will usually require multiple bums and include a plane change. Also, the 
concept of "launch period" will be somewhat different from Earth surface 
launches. An analysis of the deployment of interplanetary spacecraft from Space 
Station is described, with emphasis on the effect of the trajectory 
characteristics on station operations. Several planetary mission types are 
analyzed for manned Mars missions. In addition, high declination departures of 
spacecraft on unmanned missions to an asteroid are examined. The constraint of 
Station orbit nodal position is quantified and the operational implications for 
station reboost strategy are examined. 




JPL SPACE VEHICLE DEPLOYMENT FROM SPACE STATION 

BACKGROUND 



BACKGROUND 


The purpose of this study was to identify the operational requirements and 
constraints on Space Station Freedom resulting from the use of the station to 
deploy spacecraft on manned missions to Mars and unmanned missions to high 
declination targets such as asteroids or comets. 

Planetary departures from the orbit of a space station fundamentally differ 
from ground launches . A surface launch to a planetary target allows an 
orientational targeting choice by careful selection of launch time and ascent 
azimuth direction; the pre-existing station orbit provides no such options. 
Further, the orientation of the station's orbit continuously changes due to the 
oblateness of the equatorial bulge of the Earth, which causes a relatively rapid 
regression of the station's orbital plane (by about -7.2 deg/day) . An orbital 
launch window occurs every time the regressing orbit plane sweeps over the V- 
infinity vector of the transplanetary Earth escape hyperbola for the target 
planet considered. At all other times, energy -expensive plane change maneuvers 
are required at departure (References 1 and 2). 
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OBJECTIVE 


This report summarizes a study performed at the Jet Propulsion Laboratory 
in fiscal year 1989. The study examined the trajectory issues involved in using 
Space Station Freedom as the departure site for piloted missions to Mars, and 
unpiloted missions on high-declination departure trajectories to planetary bodies 
such as asteroids and comets. Previous studies in this area (References 1 and 
2) dealt with a broad range of issues, including assembly of spacecraft at the 
station, the effects of mission staging on other payloads, and safety. Reference 
1 also presented a preliminary examination of the trajectory issues for unmanned 
spacecraft. This study focusses exclusively on the trajectory issues identified 
in the previous studies, and examines the effects on station operations resulting 
from the interaction of the departing spacecraft trajectory and the orbit of the 
station. Of particular interest is sensitivity of the on-orbit propellant 
requirements on the misalignment of the station orbital plane and the plane of 
the desired transplanetary trajectory. The extent to which the station orbital 
plane orientation can be managed by modifying the reboost strategy also has 
operational impacts. 
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SPACE STATION DEPARTURE 
CASES STUDIED 


This phase of the space station staging study focused on an assessment of 
Earth departure penalties for space -assembled and -launched manned and unmanned 
Mars missions. Specifically, four sample missions were selected from the then- 
current (Spring 1989) Gateway Case Study repertoire: two exploration mission 
cases (flights number one and two) and two evolution mission cases (also flights 
one and two) . Table 1 shows the pertinent characteristics of these sample cases 
— Earth departure dates. Mars arrival dates, Venus flyby dates (if applicable), 
and trajectory configuration, where E - Earth, V - Venus and M - Mars. 

The work reported here was performed prior to the announcement of the 
Human Exploration initiative. Consequently, flight opportunities in an earlier 
time frame - 2001-2005 — were analyzed. The general conclusions should be valid, 
however, over a wide range of piloted Mars missions. 

In this study, the first two ''Mars Expedition'' and ''Mars Evolution'' 
missions described in Reference 3 were analyzed. These missions include both 
direct Earth-Mars transfer trajectories and Earth-Venus-Mars flyby gravity assist 
missions. Also included in this mission set are trajectories that adhere to a 
free return to Earth' ' constraint to maximize crew safety. This constraint 
would very likely also be applied to the Human Exploration Initiative missions 
to Mars . 

In addition to the Mars missions, the study also examined high declination 
departures from station orbit, specifically, a mission to the asteroid 433 Eros. 
High declination missions differ from the Mars missions in that the precessing 
station orbit plane may never be co-planar with v- infinity vector and a 
relatively large plane change will be required. 

Due to the need to limit the pages of this report to a number commensurate 
with its intent as a summary document, only the results of the analysis of the 
Mars second expedition mission will be presented. It is representative of the 
missions studied in that most relevant points can be illustrated in example form. 
For the complete analysis, the inquiring reader is referred to the FY89 Final 
task report: Planetary Exploration Departures from the Space Station: 
Trajectory Effects on Station Operations, JPL D-6896. 
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ORBITAL DEPARTURE DATE 


MARS EXPEDITION CASE STUDY FLIGHT No. 2 

(3 IMP. JNJ., EVME ABORT CAP'Y, MARS ARRIVAL 6/15/2003) 


The orbital departure imposes a plane change penalty on the mission, the 
implementation of which can be performed as a 3 -impulse maneuver: co -planar (with 
respect to the space station) injection into a 24 hour elliptical parking orbit, 
a plane change at the high apogee such that the new plane contains the departure 
V- infinity vector, and a perigee injection burn onto the departure hyperbola. 

When evaluated over all possible nodal positions (0-360 degrees) of the 
space station for each potential departure date, a contour plot of effective C3 
can be constructed (shown by bold contour lines in the accompanying figure). 
Empty, uncontoured regions are * * forbidden' ' areas, the result of exceeding the 
geometric range angle constraint (discussed in more detail in References 1 and 
2). The figure clearly shows regions of low (-15 km^/sec^) C3, which are 
forbidden to apsidal 3-impulse maneuvers (Reference 2), and a region of 
intermediate C3 requirements , sandwiched between the previous two , showing 
reasonably long departure periods. The thin lines are contours of constant total 
V 3 iflpin km/sec. The slanted straight lines labeled * 'nodal regression'' 
represent the continuous shift of nodal longitude of the space station with 
elapsed time. Hence any departure period from the orbital station of known nodal 
orientation will lie along one of these slanted lines, as shown. Some periods 
are short, others long, depending on the nodal longitude at an arbitrary initial 
reference date and the way the slanted regression line intersects the C3 
contours, arranged in a '’horseshoe'' pattern around the forbidden zone. As can 
be seen in the figure, some departure periods are discontinuous and multiple, 
while others are uninterrupted over the entire launch period range . 
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ORBITAL DEPARTURE PERIOD AVAILABILITY 


The final plot for this mission case shows departure period availability 
with respect to the station's nodal orientation. Two aspects of this plot should 
be stressed: 


a) 


b) 


If a minimum (single or dual) departure period duration value is 
specified, one can determine the effective C3 energy required to 
satisfy that requirement, e.g., for an 20 day guaranteed window, C3 
- 30 kra^/sec^ is needed. This in turn could dictate the maximum 
allowable payload if an existing injection booster capability is 
given. 


If a specific energy is given (i.e., fixed stage and payload), the 
plot shows the region of the nodal space in which orbital launch 
cannot occur. For instance, if 18 days are required for the 
departure period in order to make last-minute repairs to the 
spacecraft, exchange systems or crew, deliver spares from ground or 
get a second launch off, then, at a C3 - 30 kmysec , nodal 
longitudes between 0 and 180 degrees are not allowable. If these 
are indeed the naturally occurring nodal orientations of the station, 
then only three options exist: 


1) Go to a higher energy injection stage or stages 

2) Leave some of the payload in Earth orbit 

3) Move the ascending node of the station away from the critical 
zone. Reboost strategy, as discussed later in this report, 
is one of the techniques that could be used. 


Another aspect of interest is the departure period itself - what is 
a departure period of any given duration intended to accomplish? Can the number 
of days between two allowable '’half periods'' be utilized in the waiting 
process? 
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EXAMPLE REBOOST STRATEGY 


It is highly unlikely that a planetary mission departing from the space 
station will have the luxury of sufficient C3 capability to make its departure 
independent of the station's nodal position. 

Periodic space station altitude reboost maneuvers will be required 
throughout the station's life. The upper atmosphere produces drag, resulting 
in the loss of orbital altitude. The amount of drag depends on frontal area mass 
loading and atmospheric density, which in turn strongly depends on altitude and 
the state of solar activity — the more active the Sun, the higher the upper 
atmospheric density and thus higher drag and an increase in the orbital decay 
rate . 


Two example strategies are shown to provide an indication of the 
sensitivity of nodal regression rate to orbital altitude. Suppose the typical 
lower/upper altitude bounds of 352-374 km is raised to 409-416.5 km. For a 1998 
atmospheric density prediction, both strategies result in a 90 day reboost cycle 
(four per year), but the higher altitude strategy gains 70.7 degrees of nodal 
longitude at a year's end. However, the resupply altitude would then be higher, 
resulting in a lesser payload delivered by the Shuttle. The Shuttle's 
sensitivity of payload to altitude is approximately -25 kg/km. 

The second example strategy shown would raise only the upper altitude bound 
from 374 to 381 km (same 1998 atmospheric density assumptions). This would 
result in a change of the reboost cycle duration to 120 days (three per year), 
and would leave the original resupply altitude unchanged but with a corresponding 
reduction in frequency of logistics resupply and crew changeout. Also, the gain 
in nodal longitude would be much less significant: 8.9 degrees change per year. 
Many other combinations of reboost altitudes are possible, and the reboost 
strategy may have to be quite complex to accommodate other station activities. 

It is quite possible that the strategy to manage the station's nodal 
position will have to be started well in advance, perhaps years in advance, of 
the scheduled departure date. Fortunately, the inexorable motion of the planets 
permits precise advance knowledge of the station's required orbital orientation. 
This allows sufficient time to adjust the station's nodal rate. The most 
unpredictable variable in this case will be unforeseen variations in solar 
activity and the resultant changes in the station's orbital decay rate. 
Flexibility in reboost strategy would have to be maintained to compensate for 
these variations. 
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Tankage Factor = 0.1 



PROPELLANT MASS REQUIRED FOR 
MARS MISSION 


One purpose of this study was to determine the penalty for orbital launch 
missions in terms of total (fueled) mass on orbit required by a typical space 
station- launched manned payload bound for Mars. Since the amount of propellent 
required for Earth orbital departure scales linearly with injected payload mass, 
a standard value of 176 metric tons was assumed for the payload mass for all 
mission cases (from Reference 3). 

As previously shown, the departure period availability, measured in days, 
greatly depends on the amount of energy available for injection - for higher 
energies, longer departure periods become available. However, some orientations 
of the space station's ascending node are very hard to accommodate, thereby 
driving the effective C3 energy requirement to very high values. 

In order to assess the total mass on orbit, M 0O from known effective C3 
requirements, a table was prepared relating. these two quantities. A single stage 
cryogenic (LOX + LH 2 ) propellent departure maneuver and injection vehicle was 
assumed, exhibiting a specific impulse of 460 seconds, with a tank/engine mass 
factor of 10 percent of the propellent mass. The propellant requirements table 
shows the total resulting mass on orbit, including the propellent and tankage 
masses required for different levels of effective injection C3. The use of 
multiple stages would lower the total mass on orbit somewhat. 
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CONCLUSIONS 


The conclusion of this study is that for piloted Mars missions departing 
from the station, trajectory considerations appear to impose no insurmountable 
barriers. Careful attention must be paid to overall system performance, cost 
and risk optimization (including station operations, ground- to -station logistics, 
and the departing mission) . Astute advance planning would permit the station 
to be a very advantageous assembly and departure point for manned exploration 
mission although closely spaced departures could present a problem in the trade- 
off of nodal position and mass-to-orbit. 

It should be noted that any other assembly and staging site in low earth 
orbit would encounter essentially the same problems as the station regarding 
nodal regression and the trade-offs required to assure advantageous departure 
geometries. Nodal regression rates differ with inclination and altitude and it 
is conceivable that some mission- specific advantage might accrue in haying, say, 
more mass-to-orbit capability (i.e., a lower orbit altitude) or a different 
inclination. However, in the absence of such mission-specific trajectory 
constraints, the space station appears quite capable of supporting the trajectory 
requirements of manned solar system exploration. 
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CONCLUSIONS (cont.) 


The departure window availability for differing mission types (e.g. , Earth- 
Mars, Earth-Mars -Earth, Earth-Venus -Mars -Earth, ) and different launch 
opportunities exhibits great topological diversity. To derive any generalized 
meaning from this diversity, one needs to consider the ''big picture'' of how 
such major missions would be planned. As is typical of space missions, the 
effective C3 capability of the departure booster will be the limiting factor in 
the trade-off between payload mass and launch window duration. While spacecraft 
designers always seem to need more mass, mission managers want the longest 
possible launch window. These competing demands must be reconciled with the C3 
limitations of the launch vehicle. For a given launch vehicle capability, it 
is clear from the graphs of station departure window availability that 
positioning the ascending node of the station orbit in the most advantageous 
position can have a profound effect on the length of the departure window. For 
endeavors of the magnitude of manned Mars missions, this would clearly be part 
of the mission plan, as no mission is likely to have the luxury of sufficient 
C3 capability to be totally independent of station nodal alignment. 
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The task assigned to the Mission Planning and Analysis Division for FY89 was to produce a video 
tape depicting the assembly of a Mars Piloted Vehicle at a man tended vehicle assembly 
platform, co-orbiting with Space Station Freedom. This request was made by the Transportation 
Node Integration Agent of the Lunar/Mars Exploration Office. Along with the request, a data 
package was provided which contained the latest technical briefings by the Transportation Node 
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Due to time constraints, it was decided to use the Space Station Freedom Mobile Servicing Center 
(MSC) as the manipulator for this study, since this system was already modeled in the 
simulation. The provided design of the Mars Vehicle Assembly Fixture, dubbed the Skyhook by 
its developers at Lockheed, was incompatible with MSC in terms of manipulator reach capability 
and mobile base positioning requirements. In addition, the Skyhook provided inadequate 
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purpose of payload handling, was used in this study for both of the aforementioned tasks. 
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While the basic design for the modified Skyhook is unchanged, the transverse boom has been 
extended to allow an appropriate offset between the porches and the keels. Additional truss 
structure has been added to allow the MSC access to the primary working area during assembly. 
The size of this new structure is driven by the necessity of the MSC to be able to acquire access 
to the structure and maneuver freely on it. The excursion vehicle fits through the opening in the 
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The modification of the Skyhook resulted in a significant increase in size, which is illustrated in 
this table. Since the major difference is in the number of trussbays, the change in mass is 
relatively minor. 
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The next two charts show the flight manifests depicted in the assembly video. 



HABITATION MODULE ASSEMBLIES (2) 
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